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This project represents an important effort to develop an improvement program 
for a valuable native hardwood tree species in Hawai’i, Acacia koa. The ultimate 
goal of the tree improvement program is to provide improved stock of A. koa 
through classical breeding, focusing mainly on stem form. In addition, wood 
quality assessment on young A. koa trees is important to try to develop markets 
for pre-commercial thinning. This project also clarifies some of the trends related 
to frost resistance fluctuations over the different seasons in Hawai´i. The main 
questions that were addressed are: Which are the best families to maintain in 
order to convert HARC A plantation into a seed orchard? Do heritability estimates 
change depending on the trees that are taken into account to compute them? Do 
the selected families show significant differences in frost resistance? Does frost 
resistance fluctuate between seasons? What are the wood characteristics of 
young A. koa trees? And finally, how closely related are the seeds within a 
legume? 
The experiments were conducted on the Big Island of Hawai´i at the HARC A 
stand at Mana Road on the eastern slopes of Mauna Kea. The site is managed 
by the Department of Hawaiian Home Lands (DHHL). Half of the originally 
planted families were selected based on morphological traits. One to four 
individuals were selected per family. These trees are isolated from pollen of other 
xv 
koa trees by a large population of gorse (Ulex europaeus), so they will only 
pollinate each other through bees and other insects.  
Heritability estimates were determined for morphological traits with normal 
distributions. In addition, comparisons were made when heritability estimates 
were computed using all of the trees originally present versus when only the 
selected trees were considered, and also after a simulated random thinning was 
performed. When comparing the complete dataset with the after selection 
treatment, an increase was observed in the heritability estimates of traits that can 
affect the stem form of koa such as maximum branch angle, stem lean, and 
height to crown. The heritability of total height decreased, while the heritability of 
height to first fork and composite DBH remained the same. 
Some of the nine year old trees at HARC A had formed heartwood, with 
sapwood:heartwood ratios ranging from 0.2 to 0.7 with a mean of 0.4. Sapwood 
tends to have higher modulus of elasticity (MOE), higher density and lower 
microfibril angle (MFA) than heartwood. In addition, there does not seem to be a 
direct relationship between wood density and growth rate. 
Based on the electrolyte leakage test, frost resistance was assessed for each 
one of the selected families during winter and during summer. There were no 
significant differences in frost resistance among the selected families, however 
their frost resistance significantly fluctuated between seasons, indicating that A.
koa goes through a hardening process. 
Microsatellites developed for A. koa, and for other closely related species were 
used to try to determine how closely related are the seeds within a legume. In 
addition, new microsatellites were developed. However none of them were 
informative enough to answer the question. Some of them were monomorphic, 







All over the world, deforestation is reducing biological diversity. For multiple 
reasons, native and endemic flora and fauna are being driven to extinction and 
succumbing to invasive species. The Hawaiian archipelago is no exception. As 
islands, they are even more susceptible to the introduction of invasive species, 
since they have been isolated from selective processes occurring naturally on the 
mainland. In addition, population sizes are smaller and this has led to less 
genetic diversity (Vitousek 1988). Evolution on these islands is based on fewer 
species and thus makes them more vulnerable to biological invasions (Loope 
1989). In fact, Hawai’i has one of the highest numbers of endangered species 
per hectare in the US (Czech et al. 2000). Because of this, a large effort is being 
made to restore the native species and ecosystems that remain. 
One of the most important native hardwood trees in Hawai’i is Acacia koa (A. 
Gray). This is an endemic N-fixing species that belongs to the thornless 
Phyllodinous group of the subgenus Heterophyllum from the Mimosoideae 
subfamily of the Leguminoseae family (Fabeceae) (Whitesel 1990; Baker et al. 
2009). It is a keystone species for many Hawaiian native ecosystems. The 
understory of koa forests includes various native herbs and shrubs, and many 
native birds and insects find food and refuge on its branches. More than 80 plant 
species have been listed as associated with this tree. Among other ecosystem 
services, this species improves the water holding capacity of the soil by cooling 
the air and accumulating moisture from fog (Whitesel 1990; Wilkinson and 
Elevitch 2003; Friday 2010). A. koa has beautiful wood and it is considered to be 
Hawaii’s finest native timber tree. Its wood tends to have banding of lighter and  
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darker colors that can go from pale blond to deep chocolate brown or dark 
reddish brown, and it can also have curly or fiddleback figure. It tends to have 
strongly interlocked and wavy grain (Skolmen 1974; Whitesell 1990).  
The word “koa” means soldier, valiant or bold in the ancient Hawaiian language 
(Gerry 1955). It used to and still has a profound sacred value for Hawaiian 
people. Its wood was used by native Hawaiians to make spears, fishing lures, 
digging sticks, canoe paddles, surfboards, and sometimes frames for grass huts 
(Medeiros et al. 1998; Wilkinson and Elevitch 2003). People still make canoes 
out of large koa logs. Today, koa is used mostly to make crafts and souvenirs 
such as carved bowls, turnery, spoons, book marks, picture frames, earrings, 
bracelets, and many more items. It is also used to make musical instruments and 
gunstocks, and is gaining importance in larger scale industries such as 
construction and furniture making. In addition, it is commonly used as veneer and 
for cabinetry and decorative paneling. Dudley and Quinn (2004) calculated that 
the total A. koa lumber production is of about 700 to 950 m³ per year (As cited in 
Friday 2010). Today a board foot of highly figured koa lumber can cost $35 or 
more, making it one of the most expensive woods in the world (Wilkinson and 
Elevitch 2003). Its quality and figure can vary, however the factors controlling this 
are not yet well understood. 
It is difficult to get a valuable log out of a koa tree because it rarely has a single 
straight stem (Brewbaker 1996). The reasons for this phenomenon have not yet 
been determined, but it is probably due to several factors, including poor 
harvesting practices (Scowcroft et al. 2010). Since its wood is highly valued, it 
has been excessively harvested, leaving the worst phenotypes, decreasing its 
variability. In fact, it is calculated that only the 10% of the original koa forest
remains (Wilkinson and Elevitch 2003). Psyllid (Accizia uncatoides) attacks can 
also cause forking by damaging the terminal buds (Baker et al. 2009). It often 
grows with fluted, crooked main stems that form massive, wide spreading 
branches (Burgan et al. 1971). In spite of this, it has an established market with 
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increasing demand that can only be satisfied if a sustainable and continuous 
supply of wood is secured (Skolmen 1974). 
For this reason, the Tropical Hardwood Tree Improvement and Regeneration 
Center (TropHTIRC) has started an A. koa improvement program, prioritizing 
stem straightness and potential as crop tree as the main traits to be improved, 
but also taking into account other features such as wood quality and frost 
resistance. The TropHTIRC is a collaboration among Purdue University, the US 
Forest Service, the Institute of the Pacific Islands Forestry (IPIF), the University 
of Hawai’i at Manoa, the Department of Hawaiian Homelands (DHHL), the 
Hawai’i Agriculture Research Center (HARC), the Hawai‘i Division of Forestry 
and Wildlife (DOFAW), Kamehameha Schools, and Forest Solutions.  
 
Phenology, morphology and distribution 
A. koa only occurs naturally in the Hawaiian archipelago at altitudes ranging from 
60 to 2060 meters (Gagné and Cuddihy 1990). It is mainly distributed in four 
zones: subtropical moist forest, subtropical lower montane moist forest, 
subtropical wet forest, and subtropical lower montane wet forest (Baker et al. 
2009). It is shade intolerant (Whitesell 1990).  
An important feature of this species is that it has two forms of leaves. The true 
leaves are bipinnately compound, tend to have a horizontal orientation, and are 
found on young and stressed trees. Koa also produces leaf-like phyllodes that 
are flattened petioles which grow vertically and are found on older trees. These 
two forms have different characteristics; the true leaves remain on young 
seedlings for three or four months and are the main source of photosynthesis 
during establishment and early growth. The phyllodes have stomata on both 
sides, and they aid the tree when it is under moisture stress. This is an adaptive 
mechanism that allows seedlings to shift from horizontal leaves that absorb a 
greater amount of light and enable early growth, to vertical phyllodes adapted to  
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a more evenly distributed light availability and are also more drought resistant 
(Walters and Bartholomew 1984; Hansen 1986). The morphology of the 
phyllodes and other characteristics vary among islands within the Hawaiian 
archipelago (Daheler et al. 1999). Trees that grow under low light conditions do 
not produce phyllodes or produce both forms of leaves. In addition, when trees 
with phyllodes are moved to shade they develop true leaves (Walters and 
Bartolomew, 1990). 
A. koa forms symbiotic relationships with nitrogen fixing bacteria of the genus 
Bradyrhizobium (Wilkinson and Elevitch 2003) that convert atmospheric N2 to 
ammonium available for the plant. It also associates with arbuscular mycorrhizal 
fungi that improve phosphorus status, nodulation, and nitrogenase activity by 
augmenting the absorbing surface of the roots (Baker et al. 2009). 
Flowering of the species depends mainly on climate (especially drought) and 
elevation, and the species has the ability to flower all year round. The heaviest 
flowering generally occurs between December and June (Whitesell 1990; Baker 
et al. 2009) and fruits ripen from 3 to 4 months after they have been pollinated 
(Allen 2002). Lanner (1965) found that flower flush tends to move upslope 91 m 
per week, so that trees growing at 1220 m flower in early December and trees 
located at 2040 m flower at the beginning of March.  
Although koa flowers are hermaphroditic (Whitesell 1990), the possibilities of 
self-pollination decrease due to dichogamy (Baker et al. 2009). This is true for the 
flowers within a flower head, however different flowers on the same tree develop 
at different times. Therefore it is unknown how much self-pollination occurs. The 
flowers are about 2 mm long, organized in 8 mm spherical, pale yellow heads 
that grow together forming racemes. Each flower has an undefined number of 
stamens and a single elongated style (Gagné and Cuddihy 1990; Whitesell 1990; 
Allen 2002; Baker et al. 2009). 
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The fruit is a pod between 7.5 to 15 cm long and 1.5 to 2.5 cm wide that contains 
approximately 12 flattened dark brown to black seeds 6 to 12 mm long and 4 to 7 
mm wide. The seeds either fall to the ground when the legume dehisces or they 
can stay in the legume after it falls. In any case dispersal is limited (Gagné and 
Cuddihy 1990; Wagner et al. 1990; Whitesell 1990; Allen 2002; Baker et al. 
2009). Unfortunately koa seeds tend to have major problems with insect 
predation, and up to 86% of the seeds can be damaged (Stein 1983a). When 
uninfested and undamaged, seeds can remain viable in the soil for up to 25 
years (Whitesell 1990). Since the seed coat is impermeable, a scarification 
process must be performed in order to break the coat and allow water to 
penetrate. If scarified correctly, seeds will germinate after 2 to 10 days. 
Scarification can be mechanical with a nail clipper, knife, file or sand paper, or 
seeds can be soaked in hot water or concentrated sulfuric acid. Once seedlings 
have germinated, they are ready to be transplanted after 12 to 18 weeks (Allen 
2002; Wilkinson and Elevitch 2003). This species is pollinated mainly by bees 
(Apis mellifera). Other insects might play a role in pollination as well, but their 
real influence remains unknown (Whitesell 1990). 
Main problems 
Although A. koa is a highly resilient species (Friday et al. 2008), it faces a 
number of problems related to invasive plants and animals, including grasses, 
vines, cattle predation, insects and disease, and unsustainable harvest practices. 
Invasive species are the result of the introduction of exotics into ecosystems with 
delicate equilibriums. These new species often do not have natural predators or 
competitors that can control their expansion. If the exotic species happens to be 
a generalist and highly competitive, it will likely hoard the resources that are 
available and seriously affect the whole native ecosystem (Vitousek 1990).   
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One of the most important problems that A. koa faces is invasive grasses, which 
not only impede natural regeneration of koa, but also of all the other native 
species that associate with koa forests (Baker et al. 2009). Some of the 
introduced grasses that overlap with koa forests are: kikuyu grass (Penisetum 
clandestinum), meadow rice grass (Ehrharta stipioides) and sweet vernal grass 
(Anthoxanthum odoratum) (Jacobi 1989; Scowcroft et al. 2010). The main reason 
why these grasses are a problem for koa seedlings is that they tend to grow very 
densely and outcompete koa for resources. They also intercept most of the 
available light and create a microenvironment that limits koa seedling 
germination (D’ Antonio and Vitousek 1992). But probably grasses have caused 
more harm in Hawaiian ecosystems because they are good fuel for fires. In 
Hawai’i, fire might find its origins in volcanic or anthropic activities, but fires 
spread mainly due to invasive alien grasses (Hughes 1991). This is related to the 
fact that these grasses maintain a large volume of dead leaves, have low 
moisture content in their tissues, and create hotter microenvironments than 
native forests. Their rapid growth rates facilitate fast and successful recovery 
from fires (D’antonio and Vitousek 1992). In addition to grasses, another harmful 
invasive is a vine called banana poka (Passflora mollissima) that grows on top of 
koa and other native trees, shading and eventually killing them (Scowcroft et al. 
2007). 
Cattle are another important factor that prevents koa from sprouting and 
restocking large sites of the island. Since there are no native species of ruminant 
herbivore mammals in Hawai’i, native plants have no adaptive mechanisms to 
defend themselves, and A. koa is a much desired legume for feral ruminants and 
pigs (Shi and Brewbaker 2004). Grazing mammals not only destroy most of the 
seedlings and prevent natural regeneration, they can also change the habitat by 
exposing the soil which leads to loss of minerals, erosion, less moisture retention 
and eventually loss of soil fertility leading to the success of exotic plants 
(Vitousek 1988; Coblentz 1990).  
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The establishment of invasive plants occurs on sites altered by exotic 
vertebrates, so it seems the only real solution for saving native plants is to 
completely and permanently eliminate all types of grazing and browsing 
mammals (Vitousek 1988). This was demonstrated by the research of Loope and 
Scowcroft (1985), where they saw an obvious and significant increase in natural 
regeneration, growth, cover, survival and flowering of native species located 
inside exclosures.   
The animals that cause the most problems for native ecosystems in Hawai’i are 
cows, sheep, goats, deer, pigs and rats. Together, these animals eat most of the 
seedlings, sprouts and young branches of A. koa, leaving this species with 
almost no chance to recover. Furthermore, they strip the bark of koa trees and 
trample the soil, lowering its value for watersheds, creating good environments 
for mosquitoes to proliferate and making it easier for alien species to invade the 
sites (Cuddihy and Stone 1990; Whitesell 1990). 
Other important problems faced by koa are insect pests and diseases. The most 
important ones are the koa moth (Scotorythra paludicola), a native lepidopteran 
that can defoliate entire stands in a short time (Davis 1955; Haines et al. 2009), 
the endemic koa seed worm (Cryptophlebia illepida) that attacks seeds (Stein 
1983b), and the black twig borer that damages seedling stems (Daheler and 
Dudley 2002). The last insect that is directly related to the present study because 
it causes terminal dieback and contributes to forking of A. koa is the psyllid called 
Acizzia uncatoides (Baker et al. 2009). But probably the most damaging 
pathogen for A. koa is a fungus called Fusarium oxysporum. This fungus has 
caused major losses on A. koa stands, particularly those from low elevations 





Native Hawaiians have extensive local knowledge about A. koa. From the 
scientific point of view, much research has been done to increase the knowledge 
and enhance the management of this species. As happens with many species, 
the number of scientific articles written related to koa has increased considerably 
in the past few years. From 1910 to 1930, only about eight articles were 
published related to the species, most of them about entomology. From 1931 to 
1950 this number decreased to about four, and they focused on developing 
vegetation zones and problems with exotic ruminants. From 1951 to 1970 the 
number went up to 15 articles, most of them related to phenology and silviculture. 
From 1971 to 1990 the amount dramatically increased to 64 with a variety of 
subjects, from evolution and adaptations to biotechnology and pathogens. From 
1991 to 2010 the number went up again to 88, and most were related to 
physiology, ecology, silviculture and propagation. Finally, only from 2011 to 2014, 
20 articles have been published about A. koa, most of them about restoration 
and nursery production. As observed, there are many authors who have worked 
with the species and only a portion of past research will be presented to give an 
idea of the type of studies that have been done.  
Some of the best general reports about the species were written by Whitesell, 
Wilkinson and Elevtich, and by Baker et al. Whitesell (1990) wrote a very 
complete book on koa phenology, distribution, and practical considerations for 
the species.  His extensive descriptions range from the subject of habitat to 
phenology and uses. Wilkinson and Elevitch (2003) wrote a book providing 
general guidelines for growing koa, covering subjects such as planning and 
preparation, general nursery practices, genetic quality, and management. More 
recently, Baker et al (2009) wrote an excellent general technical report, reviewing 
important information about the species like phenology, reproduction, and 
distribution, and also detailing ecological and silvicultural knowledge and 
considerations.  
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Skolmen and Fuji (1980) performed an extensive study of koa growth and 
development. They studied site variation, insects, and other disturbances while 
establishing a dense even-aged stand of koa, and observed profuse natural 
regeneration, finding an average of 6976 and as high as 22091 seedlings per 
hectare with a gradual loss over time, likely due to competition. Growth 
increments were found to be between 8 to 10 inches per year.  
Koa has a great amount of plastic morphology. There are distinct characteristics 
among the different seed provenances. Daheler and others (1999) found a 
variety of differential characteristics in koa from different islands, the trees from 
Hawai’i being more distinguishable from those from O’ahu and Kaua´i. This 
difference among koa populations can be seen in isoenzyme electrophoresis as 
well (Lutzow-Felling 1994). As a general trend, seedlings from Hawai’i tended to 
grow slower, and seedlings from O’ahu (where this experiment was made) and 
Kaua´i grew faster and had less insect predation (Conrad et al. 1995).  
Koa morphology not only varies between the Hawaiian Islands, but also with 
elevation and rainfall gradients. Harrington and others (1995) studied koa along a 
rainfall gradient in Kawai´i and found that basal area, wood increment, canopy 
height, and leaf area index increased with elevation and precipitation.  They also 
found that phyllode nutrient content and specific leaf mass were not correlated 
with site elevation, but that nitrogen, phosphorous and potassium concentrations 
were negatively correlated with specific leaf mass. Furthermore, they showed 
that water use efficiency increased as water availability decreased. Their 
conclusion was that koa responds to water limitation by reducing its leaf area and 
by increasing its water use efficiency.  
There have also been multiple studies related to koa silviculture. Scowcroft and 
Adee (1991) showed that site preparation affects koa survival and development. 
They found that the best treatment to eliminate banana poka and kikuyu grass 
was a large dose of glyphosate herbicide (Roundup) and periodic weeding. 
Scowcroft and others (2007) evaluated silvicultural factors and found that the 
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best treatment for the growth of koa was thinning, grass control and phosphorous 
fertilization. They stated that when selecting crop trees it was important to look 
for full crowns with high live crown ratios as well as straight trees with no stem 
defects. Koa growth and survival differ depending on the site and this has to do 
with a variety of factors such as insect predation, competition, seed source 
(Conrad 1977), water availability, water use efficiency (Harrington et al. 1995), 
soil characteristics, mineral nutrients availability and topographic position 
(Scowcroft et al. 2004). 
Several studies have been performed in relation to nursery management, site 
preparation and fertilization. Dumroese et al. (2009, 2011) conducted studies to 
evaluate the effect of container size, fertilization, and irrigation method. They 
found that irrigation method had no effect on seedling height, and that seedling 
height, root collar diameter, shoot biomass and root biomass significantly 
increased with container size. Fertilization [Osmocote Plus R_ 15 nitrogen (N): 9 
phosphorus pentoxide (P2O5): 12 potassium oxide (K2O)] positively affected 
seedling size up to a rate of 2.3 to 4.8 kg m 3 where seedlings started to 
experience luxury consumption. Furthermore, irrigation method and fertilizer rate 
increased the soil electrical conductivity, and higher fertilizer rates and 
subirrigation yielded higher leaf nitrogen concentration. Another study proved 
that subirrigation and overhead irrigation yielded seedlings with similar height 
and survival and, in addition, subirrigation of seedlings led to larger root-collar 
diameters while allowing water savings (Davis et al. 2011). Rhizobium inoculation 
did not improve most seedling characteristics, only root nitrogen content and 
nodule biomass increased, but it was recommended as a good nursery practice 
in addition to fertilizer application (Dumroese et al. 2009).   
Skolmen (1978) initiated studies related to clonal propagation, vegetative 
propagation, and tree selection. He highlighted the fact that juvenility is a critical 
factor in rootability of koa cuttings. Root suckers were his main source of plant 
material. He found that phyllodes, mature (flowering) cuttings and swellings from  
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roots and stems were not successful. In addition, all grafting experiments failed 
because koa would not form callus. All aseptic organ culture failed as well since 
he found it hard to sterilize material collected in the field. All attempts of root 
cutting propagation were also unsuccessful, as well as the attempt to understand 
the mechanisms that induce the formation of root suckers. He attained 
successful air layering when using sphagnum moss in true leaf material. Mist 
rooting of cuttings proved to be more successful than air layering during the first 
stages, but with lower survival after transplanting. He also observed that root 
suckers tend to form more frequently during wet seasons. He concludes that 
clonal propagation of koa is hard to attain and that further studies need to be 
made. 
Few studies have been made related to frost tolerance of Hawaiian tree species. 
Scowcroft and others (2000) measured the temperature at which frost damage is 
irreversible in Metrosideros polymorpha (‘ hi‘a), a species that grows naturally 
with A. koa. The altitude at which Ohi’a suffers major damage is at 1800 m (5905 
ft). They found that A. koa served as shelter for this species, increasing the 
temperature at which Ohi’a was exposed from -8°C to -3°C and therefore 
minimizing frost damage. Another study on the same species shows that Ohi’a 
trees from lower elevations could stand less cold than those from higher 
elevations (Melcher et al. 2000). In addition, it is known that Ohi’a from sea level 
presents lower frost resistance than that from higher elevations (Cordell et al. 
2000). Scowcroft and Jeffrey (1999) found that koa seedlings planted in the low-
lying drainage bottoms of the uppermost parts of Hakalau Wildlife Refuge 
experienced higher mortality than those planted on ridges and slopes. Some 
protection devices significantly helped to decrease frost damage of seedlings. 
As mentioned before, koa is very susceptible to koa wilt (Fusarium spp), a fungal 
disease spread on most of the Hawaiian islands (James et al. 2006).  The wilt 
generally is more severe below an altitude of 610 m (2000 ft.) (Anderson et al. 
2002; James et al. 2006). This fungus produces dieback, and severely infected  
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trees show chlorotic foliage and most die. The fungus kills its hosts by blocking 
the vascular tissue and impeding the flow of nutrients. The trees that do not die 
develop epicormic shoots, and efforts are being made to study and propagate 
them (Anderson et al. 2002; Dudley et al. 2007). It is suspected that insect 
predation aids in the dissemination of the disease (James et al. 2006).  
It has also been found that koa regeneration increases after the presence of fire. 
Scowcroft and Wood (1976) found up to 95,000 seedlings per hectare after a fire 
in Waimea on the island of O´ahu. Nonetheless, they found little growth, dieback 
after 8 months, and they observed that many of the seedlings died due mainly to 
the root-crown fungus (Calonectria crotalariae), although they also found damage 
from other fungi, insects and pigs.   
 
Justification
Although a lot of research has been done on A. koa, there are still a lot of 
knowledge gaps about this valuable species. This project is important because it 
will provide the basis for a larger scale tree improvement program with A. koa. In 
the long term, it will also be attractive for private investors who are interested in 
producing large volumes of wood, as it will provide them with improved seed 
sources and with advice on the best management practices to grow large single 
stemmed trees with good wood quality (Scowcroft et al. 2010). More importantly, 
it will increase the level of conservation of the species by making it more 
attractive for landowners to grow this native tree instead of alternatives such as 
cattle ranching or other detrimental activities for the ecosystem, since they will be 
able to get more profit out of their trees and improve native wildlife habitat 
(Pejchar and Press 2006, Scowcroft et al. 2010).  
This study sets the basis for the first stages of the TropHTIRC A. koa 
improvement program. It will be limited to the selection of trees that will be used 
for future progeny tests, thinning of a plantation to convert it into a seed orchard,  
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evaluation of the relatedness of the seeds within a legume, measurement of 
electrolyte leakage in the selected trees to determine frost resistance, and wood 
quality assessments of a young koa stand.  
These were selected to be the first steps in the improvement program since the 
main obstacle for establishing a wider market for A. koa is its poor stem form 
(Scowcroft et al. 2010).  The heritability of characteristics affecting stem form will 
also be determined in addition to the further understanding of wood quality 
characteristics. Because the site is located at a high elevation where frost 




1.- Rank and select families that have the greatest probability of producing 
straight, single stemmed trees with high quality wood. 
2.- Rogue low performing families to transition the site into a seed orchard. 
3.- Determine if heritability estimates change based on thinning the germplasm 
bank. 
4.- Determine the frost resistance of selected families of A. koa from different 
elevations during winter and summer. 
5.- Assess the wood quality of the selected families of A. koa at early growth 
stages.  
6.- Determine relatedness of seeds within a legume so that future progeny tests 
can be designed. 
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CHAPTER 2. GENETIC SELECTION AND DETERMINATION OF WOOD 






When starting an improvement program, seed orchards can be developed based 
on morphology, followed by progeny tests. Based on the HARC A site, the top 
half of the families originally present was selected based on morphological traits 
and the rest of the trees were removed. Heritability estimates were calculated for 
morphological traits and three datasets were compared; one containing all of the 
trees in the plantation, one containing only the selected trees, and one containing 
a subset of the original population randomly selected. Through selection 
heritability estimates of maximum branch angle, stem lean, and height to crown 
increased. Heritability of height decreased, while heritability of height to first fork 
and diameter at breast height remained constant. 
From the stumps left after thinning the site, wood samples were collected and 
analyzed using SilviScan technology. We found that heartwood tends to be less 
dense, less elastic, and shrinks more longitudinally than sapwood. Modulus of 
elasticity (MOE) of koa increased with density and decreases with Microfibril 
angle (MFA). In addition, growth rates do not seem to have a significant effect in 
wood density.  
Frost resistance was assessed using the electrolyte leakage method. We did not 
find significant fluctuations between the selected families from different 
elevations, but frost resistance increases during winter, indicating that koa goes 





Since Acacia koa is such a valuable species, not only because of its ecological 
and cultural importance, but also for the high value of its wood and the revenue 
that can produce for landowners and managers, the TropHTIRC decided to start 
an improvement program for the species. Tree improvement consists of applying 
genetic knowledge to a silvicultural system in order to increase the genetic 
quality of a species while maintaining genetic diversity (Williams 2007). 
Developing seed orchards is the first and one of the most important steps in a 
tree improvement program, because it assures seed availability from known and 
improved sources. A seed orchard is defined as an area where seeds are mass 
produced to obtain the greatest genetic gain as quickly and inexpensively as 
possible (Zobel et al. 1958). When rapid sources of improved seed are needed, 
seed orchards can be established based only on phenotype. Later, progeny tests 
can be used to evaluate the parents (Zobel and Talbert 1984). We proceeded in 
this manner in order to gain time and start the tree improvement program. We 
ranked the existing trees at one site, selected the top performing families, and 
rogued the site to turn it into a seed orchard for future progeny tests.  
When starting an improvement program it is also important to determine 
heritability estimates in order to know if the variation within the trees could be 
attributable to family effects. Heritability is defined as the portion of the total 
observed phenotypic variation that is caused by heritable genetic differences as 
opposed to environmental effects (Lush 1940; Zobel 1961; Ayala and Kiger, 
1984). In other words it helps to explain to what extent the differences between 
individuals are due to their genetic makeup or to the environment. It gives an 
indication of the potential genetic gain, and it helps to estimate the amount of  




Heritability estimates can change from one population to another (Lush 1940) 
and they are also site specific (Ayala and Kiger, 1984). In addition, heritability 
estimates change not only with different environments, but also with time in the 
same stand (Wei and Borralho 1998). This is because the estimate is based on 
total variation, so any factor that changes total variation can change heritability 
(Lush 1940). In this case we measured heritability in the narrow sense, since we 
are dealing with sexual propagation and response to selection (Toda 1957). 
Matheson and Raymond (1983) noticed that heritability estimates were lower 
when using data from unthinned stands instead of data from thinned stands. For 
DBH, the previous authors noticed that selective thinning produced higher 
heritability estimates and decreased the estimate of phenotypic variance. Lee 
(1974) concluded that the estimate was noticeably in error when fewer trees 
were taken into account to perform the analysis. However, he affirmed that the 
estimate improves when selected trees were taken into account to compute the 
estimate.  
In addition to morphological selections and heritability estimates, there was also 
an interest in knowing more about wood quality in juvenile A. koa, the factors that 
influence it, and the differences among families in order to start selecting for 
trees that possess good wood quality.  It is known that koa wood has a density of 
38 pounds per cubic foot (608.7 kg/m³), similar to that of black walnut (Juglans
nigra). Other attributes that are similar in both species are shrinkage and 
hardness; they both are susceptible to insect damage and suitable for the same  
type of products, koa being more ornamental and less prone to deformities when 
dried. Nonetheless, koa is not resistant to decay (Skolmen 1968, Skolmen 1974).  
The thickness of koa sapwood can vary, but in general it is said that it is about 
one inch wide in old trees and about two inches wide in younger trees (Skolmen 
1974). Heartwood was reported to begin to appear in trees from 10 to 15 years 
old (Dudley and Yamasaki 2000).  
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The two most valuable features in koa wood are color and figure. In order to 
determine color characteristics of wood, one of the most common instruments 
used is a colorimeter, which provides accurate and repeatable measurements of 
color as defined by the CIELAB parameters. The fundamental standards of 
colorimetry were established by the Commission Internacionale de l’Eclairage 
(CIE) (Judd and Wyszecki 1975). The CIELAB color space is based on the color 
vision model of Adam fitted to the Munsell color system (Mitsui and Tsuchikawa 
2003, Ohta and Robertson 2005). This measurement needs to be taken in a 
tangential or radial piece of wood of at least two inches long (Jan Wiedenbeck, 
personal communication). This method provides three color parameters: 
lightness (L), chromaticity of red and green (a) and chromaticity of blue and 
yellow (b). 
Another technology used to determine multiple characteristics of wood at a very 
fine scale is the SilviScan, a sophisticated machine that allows to measure 
spatial variations in wood properties at a very high resolution. It utilizes several 
technologies such as X-ray absorption, diffraction, and image analysis to provide 
information about the microfibril angle, density and modulus of elasticity. We 
used this technology in order to get a better sense of wood characteristics at a 
young age, and to determine potential uses of A. koa during pre-commercial 
thinning.  
Wood density is one of the single most important characteristics of wood. It 
provides an estimate of the amount of solid-wood substance present per unit of 
volume (Jozsa and Middleton 1994). It is affected by a variety of factors such as 
cell wall thickness, cell diameter, earlywood to latewood ratio, and the chemical 
content of the wood (Cave and Walker 1994), as well as specific gravity and 
moisture content (Simpson 1993).  It is a good indicator of strength, as well as 
stiffness and hardness (Jozsa and Middleton 1994). These characteristics can 
strongly affect the technical performance of wood, the behavior of sawn wood 
and veneer, as well as yield when the wood is used for pulp (Brazier and Howell  
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1979). Wood density is considered to have a high level of inheritance (Zobel and 
Van Buijtenen 1989; Zobel and Jett 1995). 
Another trait measured by SilviScan is microfibril angle (MFA). Wood fibers are 
composed of cellulose, hemicellulose and lignin. Within the cell wall, the 
secondary wall has three layers, S1, S2 and S3 from the middle lamella (outside) 
to the cell lumen (inside of the cell). The S2 layer is the thickest and the most 
important for determining wood properties, especially the ones related to 
strength, shrinkage and swelling. Cellulosic microfibrils are the long thin 
crystalline filaments of cellulose that are tightly packed in the S2 layer, and they 
tend to be oriented roughly parallel to the fiber axis (Jozsa and Middleton 1994). 
For this reason, wood tends to be stronger in the fiber direction and weaker in the 
transverse direction (Walker 1993). The microfibril angle (MFA) is the angle that 
the microfibers take in relation to the axis of the cell wall (Butterfield and Meylan 
1980). MFA plays a role in wood shrinkage. Lower MFA leads to transverse 
shrinkage, while higher MFA gives place to longitudinal shrinkage. However  
other factors also influence shrinkage. Larger MFA also make wood less stiff 
(Walker and Butterfield 1995; Evans et al. 2000; Barnett and Bonham 2004).  
One other trait measured by SilviScan is modulus of elasticity (MOE), which is 
defined as the slope of the stress-strain curve in the elastic region, and it 
measures the stiffness of the wood (Askeland and Phulé 2006). For 
angiosperms, the MOE tends to be larger in tension wood that in normal wood 
(Almeras et al. 2005). 
Among other factors determining early survival of young koa seedlings, frost 
resistance is extremely important at high elevation sites, where koa is frequently 
planted. It is known that most plants in temperate regions increase their 
resistance to frost stress during winter, a phenomenon known as frost hardening 
or cold acclimation (Levitt 1980; Sutinen et al. 1992; Goodman et al. 2009). 
However, most tropical trees are different since they cannot tolerate cold  
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temperatures as well. They start to suffer physiological stress as protein 
synthesis, membrane integrity and photosynthetic mechanisms begin to 
malfunction (Coder 2011). Most tropical species begin to experience frost injury 
at temperatures as high as 10°C (Raison and Lyons 1986; Coder 2011), and it 
takes them longer to acclimate to cold so they are more vulnerable to freezing 
injury (Manucso et al. 2004).  
Frost damage might happen due to multiple factors related to stomatal processes 
and drought stress. The formation of ice in the intracellular space might damage 
the cells due to physical adhesion of the membranes, but the main damage is 
caused by dehydration, which directly affects multiple membrane properties, 
protein denaturation and precipitation of some important molecules (Levitt 1980). 
Cell membranes increase their permeability, which affects other processes such 
as membrane integrity and membrane compartmentation (Campos et al. 2002), 
affecting respiration and photosynthesis and the transfer of water and 
electrolytes to the outside of cells and leaves (or other tissues). As a 
consequence, dehydration tends to occur (Wright and Simon 1973). 
 
Chilling is a process with important implications in frost resistance for most 
plants. It is defined as the physiological damage that plants experience under 
low, but not below-freezing temperatures. It is capable of significantly reducing 
the temperature at which plants can survive cold. 
A broadly used method to determine frost resistance is the electrolyte leakage 
test. It is equally accurate as other tests and offers a good objective method to 
assess freezing resistance. In addition it is relatively fast and inexpensive 
(Mancuso et al. 2004). It can also be used to determine other physiological 
parameters such as drought stress and abscisic acid levels (Fan and Blake 
1994). 
Ingram and Buchanan (1984) conducted an experiment with citrus rootstocks. 
Although this experiment focused on lethal high temperatures rather than frost  
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resistance, the methodology described is the same. They found that the percent 
of electrolyte leakage (EL) plotted against the treatment temperatures showed a 
sigmoidal curve and that a particular variety could withstand higher temperatures 
than other varieties and other species. They concluded that EL measurements 
were a reliable way to determine the killing point. Some studies related to frost 
resistance on tropical trees include relationships to altitude, finding a relationship 
between frost resistance and altitude for some species, and LT50 (Lethal 
temperature at which 50% of the tissue is damaged) values ranging from -5°C to  
-12°C have been found. Some of these species show higher frost resistance after 
a hardening treatment (Read and Hope 1989). In addition, cold acclimation is 
known to have an important genetic component (Thomasow 1998).  
The objectives for this chapter were to rank and select families that have the 
greatest probability of producing straight, single stemmed trees with high quality 
wood. Furthermore, the low performing families were rogued to transition the site 
into a seed orchard. In addition, we wanted to determine if heritability estimates 
change based on thinning the germplasm bank. We were also interested in 
assessing the wood quality of the selected families of A. koa at early growth 
stages. Finally, we determined the frost resistance of selected families of A. koa 
from different elevations during winter and summer. These experiments are 
important because they set the basis to start answering some of the basic 
questions about koa heritability, wood quality and frost resistance issues, 
allowing us to improve the knowledge about the species and to start an 
improvement program. Understanding heritability is important because it allows 
us to estimate the number of generations and the time needed to obtain 
improved stock, as well as to have a better understanding of which traits can be 
genetically improved and which are environmentally driven. Knowing the wood 
characteristics of young koa wood can allow us to find uses for pre-commercial 
thinning. Finally, frost resistance does not only gives us an idea of how this trait 




HARC A. DHHL Mana Road trial exclosure in Humu´ula: 
This site is located on the slopes of Mauna Kea on the island of Hawai’i (the Big 
Island). It is a plantation of plus trees. It borders Mana Road. It is located at an 
elevation of 2011 m, the rainfall regime is about 2500 mm per year, and it has an 
area of approximately 0.4 hectares. The site is part of a series of demonstrations 
installed for the purpose of developing sustainable management strategies for 
the control of gorse (Ulex europaeus). It was prepared by mechanically and 
chemically eliminating all the gorse present and by installing a fence to exclude 
cattle.  
The trees were first planted in June 2003 by Nick Dudley and Aileen Yeh. The 
plot layout is a randomized complete block design with 5 blocks, each block 
containing 6 trees per family and a total of 22 families. However it is important to 
note that some of these were actually composite samples so they did not come 
from a single parent tree. Families 17, 19, 20, and 22 were composite samples 
and were dropped from all statistical analyses involving family components. 
Family 11 and composite sample 22 did not have enough individuals to fill all of 
the replications, therefore in the last replication family 15 was substituted for 
these families. There were five replications within the site, with six trees per 
family per replication at spacing of 2 X 3 meters. Within each replication the order 
of the families was randomly assigned. The total number of trees planted in the 
site was 660 trees, but only 433 were alive by 2011 mainly due to mechanical 
damage (mowing) and location (border rows). The seed source was from 
outstanding individuals along a 5000 ft. transect of the eastern flank of Mauna 
Kea (Scowcroft and Dudley 2011). 
This site is in the middle of a large field of gorse (Ulex europaeus). Because of 
this and the high elevation of its location, the trees are isolated and have some  
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pollination problems. For this reason bee hives were provided to enhance 
pollination (Baker et al. 2009).  
 
Morphological selections 
In the summer of 2011, all of the trees present at HARC A were measured for the 
following morphological traits:  
-Total height (m) 
-Height to the first fork (m): From the base of the tree to the first major fork that 
considerably deviated the form of the stem. 
-Number of stems (up to 9) 
-Straightness: Subjective measurement. 1=very straight to 5=very crooked. 
-Crown class: 1=dominant, 2=co-dominant, 3=suppressed 
-Composite DBH: DBH= Sqr (Sum (DBHi2)) (Scowcroft and Dudley 2011) 
-Survival: Proportion of live trees per family (Humu’ula site only) 
-Potential as a crop tree (PCT): No forks below 3 m, straight trunk, healthy fully 
crown, DBH of at least 3 cm (Scowcroft and Dudley 2011) 
This data provided information about the general quality, straightness and 
architecture of the trees, and represents a good indicator of the stem form of the 
trees. This information was used to rank the families present at HARC A and 
select the best performing ones based on phenotype.  
Once the ranking was made, the non-selected trees were rogued so that only the 
best trees would pollinate each other and the seeds produced would come from 
the best families. The selected trees will be left to grow so that they can expand  
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their crowns and maximize seed production.  Our goal is to turn the site into a 




We were interested in determining heritability estimates for the Acacia koa trees 
at HARC A. An analysis of variance (Proc varcomp) was performed and the data 
from all the trees were compared with the data only from the selected trees and 
with a simulated random thinning. This is important because it allowed us to 
make more accurate predictions about progeny performance in future progeny 
tests and plantations, guiding in our decisions when it comes to selecting parent 
trees. Also it helped to make sure we do not overestimate or underestimate 
heritability estimates based on selected individuals. For this experiment, 
heritability estimates were determined from A. koa trees located at HARC A 
during the summer of 2011, when they were 8 years old. 
In addition to the previously mentioned traits, other measurements such as 
maximum branch angle and stem lean were taken. For maximum branch angle 
the branch that presented the greatest angle from the main stem was visually 
picked, a laser rangefinder was collocated on top of it (providing the branch was 
reachable) and a lean measurement was taken. So even though the branch with 
the greatest angle was chosen based on the main stem, the laser took the 
measurement in a 0-180° scale independent of the main stem. For main stem 
lean the laser rangefinder was collocated on the main stem and a lean 
measurement was taken as previously described. 
To obtain heritability estimates, an ANOVA test was performed. An assumption 
check revealed that only the following traits had normal distributions: height, 
height to crown, height to first fork, maximum branch angle, stem lean, and 
composite DBH.  
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Three different data sets were used for calculating heritability. The first included 
all of the data from the HARC A plantation before thinning (n= 433). The second 
included only the trees that remained after the actual thinning (n=32). The third 
had 32 trees as well so that the sample size could be comparable, but a random 
thinning was simulated by retaining at least one and up to two trees per family 
from the original number of trees. 
Wood quality 
From the stumps that remained after HARC A was rogued a wood sample per 
selected family was taken. Wood density, microfibril angle (MFA), and modulus 
of elasticity (MOE) were analyzed using SilviScan technology. In order to use this 
equipment, radial samples taken from the pith to the bark were dried, soaked in 
with ethyl alcohol to limit drying damage to the wood structure, then air-dried, and 
sent to the CSIRO, Division of Forestry and Forest Products Laboratory in 
Melbourne, Australia, where they have SilviScan technology. Because of the 
expense, we were only able to measure one sample per selected family. 
Color was measured using a Konica Minolta Chroma Meter CR-410 colorimeter, 
which provided us with standardized color measurements in the form of the 
CIELAB parameters. For the colorimeter measurements we could not take data 
from all the families because some of them did not have a large enough surface 
with uniform color, so in those cases we limited our measurements to 
sapwood:heartwood ratios. For some families we were able to take up to three 
color measurements.  
Frost resistance 
 
Acacia koa often has problems getting established above 1800 m, where frost 
damage can determine its survival (Scowcroft and Jeffrey 1999; Baker et al.  
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2009). Since HARC A is located at a high elevation, frost resistance was 
evaluated in the selected families. During 2012, measurements from two trees 
per selected family were taken at two different seasons to try to capture the 
variation in frost resistance throughout the year. The first set of measurements 
was taken during early March and the second during early July, 2012.  
One of the most widely used tests to measure chilling injury and frost resistance, 
as well as to estimate recovery following freezing injury and cold hardiness is the 
electrolyte leakage test (Plata et al. 1977; Sutinene et al. 1992; Tinus 2002), 
which measures the amount of cell damage after a sample has been subjected to 
a determined freezing temperature (Tinus 2002, Mancuso et al. 2004).  This test 
provides a measurement of the LT50, which is the interpolated temperature at 
which 50% of the tissue is killed (Burr 1990).  
To perform the electrolyte leakage procedure, multiple phyllodes were collected 
from two trees per family, and each tree was replicated three times. Phyllodes 
were collocated on resalable plastic bags right away to try to decrease water 
loss. Samples were promptly taken to the Institute of Pacific Islands Forestry 
(IPIF) facilities at Hilo, HI. Once in the laboratory, five discs (of 7mm in diameter 
each) of phyllodes were taken, avoiding the midrib. Discs were placed into glass 
culture tubes with 15 ml of deionized water. The tubes were placed in a 
refrigerator at 3°C overnight. Samples were then subjected to four different 
below-freezing temperatures (-5, -10, -15 and -20°C) at a rate of 0.25 °C min–1. 
Samples remained at the desired temperature for 20 min and were then removed 
from the freezer, 10 ml of deionized water was added and samples were left to 
thaw overnight. Electroconductivity was then measured using a portable 
conductivity meter Extech EC400. Samples were then autoclaved at 120°C for 30 
min, left to cool overnight and the second measurement of electroconductivity 
was taken, and these measurements were used to calculate the total cell 
damage (Colombo and Raitanen 1993; Tinus, 2002; Morin et al. 2007; Jacobs et 
al. 2008; Goodman et al. 2009). 
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Statistical analysis  
An ANOVA test (P<0.05) (Proc mixed) was performed to determine if family and 
block had a significant effect on the measured morphological parameters and 
Tukey´s HSD (honest significant difference) was used to compare differences 
between any two treatments (  = 0.05). The independent variables were block 
and family, and the dependent variables were the morphological traits. The same 
procedure was used to analyze the effect of number of stems on morphological 
traits. The independent variable was number of stems, and the independent 
variables were the morphological traits. All data was analyzed using SAS 
software (SAS, Inc., Cary, NC, USA). 
To rank the trees, we calculated the mean value of each trait per family, arranged 
the trait of interest from the largest value to the smallest and we gave it a 
decreasing value, so that the trees with better characteristics would get a larger 
number than the trees with worse characteristics. After that, we summarized all 
the new values of all traits of interest in a table and added them. Some traits 
were considered to be more important and determinant for stem form than others 
(height to first fork, number of stems, straightness, composite DBH and potential 
as a crop tree) and were given more value in the ranking by multiplying their 
values by two. Therefore, families that had larger values were the ones that had 
more desired characteristics and were selected to advance in the improvement 
program (Table 2.4). 
To evaluate heritability, the data from the HARC A plantation was used and an 
ANOVA test (Varcomp procedure) was run to determine the family component, 
the block component, the family X block component, and the residual mean 





h2= 4Vf/(Vf+Vbf+Ve)  
Where Vf= Family variance component 
 Vbf=Family X block interaction 
 Ve=Residual mean square   
For the wood quality analysis, we were interested in determining the relationships 
between wood density and MOE, between MOE and MFA, and between MFA 
and density. A linear regression analysis was conducted, leading to R² values, 
which are defined as the proportion of variation in the response that is explained 
by the regression model (Colton and Bower 2002). In addition, differences 
between heartwood and sapwood characteristics were determined using ANOVA 
at a significance level of =0.05. The independent variables were tree, wood type 
and tree X wood type and the dependent variables were wood density, MFA, and 
MOE. 
 
Color differences were calculated using the following formula: 
E*ab=    (Hunt and Pointer 2011). 
For the frost resistance experiment each one of the selected families was 
represented by two randomly selected trees and each tree was replicated three 
times. The percentage of index of damage (Id) was calculated following the 
formula:  
Id (%)= (freeze-induced EL/ maximum EL) X 100 (Jacobs et al. 2008). 
For each one of the trees, a scatter plot was made with the 5 different 
temperatures based on the average index of damage (Id) of the 3 replications 
and fitted to a simple quadratic regression (Jacobs et al. 2008). Then it was 
interpolated at what temperature 50% of the damage occurred and recorded as 
LT50, (Burr 1990, Sutinen et al. 1992, Jacobs et al. 2008). The same procedure  
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was performed during winter and summer. Differences in mean LT50 values 
between the selected families and between seasons were identified using 
ANOVA at a significance level of =0.05. The independent variables were family, 
season and family X season. The dependent variable was LT50 (Islam et al. 2008, 




In HARC A, the best 32 trees were selected from the top half of the families (11). 
The number of individuals per family varied from one to four (Figure 2.1). 
Spacing between selected trees was taken into account. The selected trees 
represented 7.35 % of the initial population. We maintained an approximate 
density of 40 trees per acre (98.8 trees per hectare), which is considered to be 
an adequate density for final selections in A. koa stands (Scowcroft and Adee 
1991; Wilkinson and Elevitch 2003; Baker et al. 2009). The number of trees 
retained per family was determined mainly by the score that each family had on 
their potential as a crop tree (Scowcroft et al. 2007), since this is considered to 
be one of the most important characteristics and it takes into account multiple 
traits such as straightness, height to first fork, DBH, and crown characteristics. 
Other important characteristics considered in the ranking of the families present 
at HARC A such as survival, height, composite DBH, height to first fork, and 
number of stems are presented in Table 2.2. Survival ranged from 43 to 97%, 
total height ranged from 5.6 to 8.3m, composite DBH ranged from 8.7 to 15.4cm, 
height to first fork ranged from 0.9 to 1.8m, and average number of stems ranged 
from 1.5 to 2.6. 
In addition, live crown ratio ranged from 0.37 to 0.62, projected crown area 
ranged from 2.7 to 11m2, crown volume ranged from 3.8 to 32.2m3, main stem 
lean ranged from 2 to 50, and maximum branch angle ranged from 17 to 600  
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(Table 2.3). An ANOVA test was performed to determine if families and blocks 
(replications) had a significant effect on these morphological traits. Table 2.5 
shows that family had a significant effect in live crown ratio, height, and crown 
volume. In addition, Tukey´s HSD test revealed that for both height and crown 
volume the family with the largest value (Family 3) is significantly different from 
the smallest family (Family 18) (Figures 2.2 and 2.3). The Tukey´s HSD test did 
not show significant differences among families for live crown ratio. This may be 
due to the conservative nature of Tukey´s test. 
The general location of the selected families at the HARC A site is presented in 
Table 2.1, as well as the number of trees selected per family, and the elevation at 
which each parent tree was located. Based on height, height to first fork, number 
of stems, straightness, crown class, potential as crop tree, survival and DBH a 
ranking table was developed (Table 2.4). Height to first fork, DBH, number of 
trees with single stem, straightness, and potential as crop tree were considered 
the most important characteristics determining stem form and were multiplied by 
two in the ranking table so that they were more heavily weighted and had a 
greater influence in the ranking process. All these characteristics were ranked 
individually and added, compiling them in the ranking table, and the first ten 
families were selected based on this ranking table. Family 16 was also chosen 
because it had a high number of potential crop trees. 
Spacing was taken into account, because two or more good trees could not be 
growing next to each other, since this would limit the resources available for each 
one of them and create competition. Sometimes we had to sacrifice good trees 
for the sake of adequate space for the remaining ones, so that they could grow 
better and produce more seeds. The selected trees were re-measured 1.5 years 
after thinning, and growth is noted in Table 2.6. Some of the values are slightly 
negative probably due to measuring errors, but overall height growth ranged from 
0.6 to 1.3m, crown volume growth ranged from 1.7 to 21.97m3, crown area  
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growth ranged from 5.27 to 11.58m, and composite DBH growth ranged from 
0.75 to 6.45cm. 
 
Some of the trees present at HARC A had up to nine stems. We were interested 
in knowing if this provided them with a competitive advantage and we found that 
for most cases the number of stems significantly affected growth parameters 
(Table 2.7). However, single stemmed trees are not significantly different from 
multiple stemmed trees. It is important to notice that the sample sizes varied a 
lot. Most of the trees had fewer stems (Figure 2.4).  
 
Heritability estimates 
Following methods used by Matheson and Raymond (1983), three different data 
sets were used to determine heritability estimates. The first data set contained all 
the data before thinning. The second one only included the trees that remained 
after the actual thinning, so it can be considered a selective thinning. The third 
data set was a simulated random thinning, leaving one to two trees per family 
until the same number of trees as those present in the selective thinning was 
attained. 
Not all of the traits had normal distributions, and since this is one of the 
assumptions for performing an ANOVA, heritability estimates were calculated 
only for height, height to first fork, height to crown, maximum branch angle, stem 
lean, and composite DBH. The additive genetic variance is represented by the 
family variance, while the phenotypic variance is the sum of all the variances 
(family, block, family X block and residual mean square). 
The heritability of certain traits such as height to crown, maximum branch angle 
and stem lean tended to increase when we only took into account the trees that 
remained after the selective thinning compared to before thinning (Table 2.8). In 
the case of maximum branch angle and stem lean, heritabilities were zero when  
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all of the trees in the plantation were taken into account in the analysis, and they 
increased to 0.82 and 0.22 respectively when only the selected trees were taken 
into account. In addition, heritability decreased to 0 for both traits when the 
simulated random thinning dataset was used. Whereas height to crown 
presented a heritability of 0.18 when all of the trees were used in the analysis 
and it increased to 0.65 when only the selected trees were taken into account. In 
the same way, it decreased to 0 when simulated random thinning data was used. 
The heritabilities of other traits, such as height to first fork and composite DBH, 
remained essentially the same irrespective of thinning. Height to first fork had a 
low genetic component since for both analyses (before and after thinning) the 
heritability estimate was 0, and it increased to 0.8 when computing the estimate 
for the simulated random thinning. Composite DBH had a heritability of 0.36 
before thinning and of 0.33 after thinning, decreasing to 0 after the simulated 
random thinning. Contrary to these trends, total height was the only trait with 
decreasing heritability values after thinning, going from 0.45 before thinning to 0 




The stumps that were left from rogueing the HARC A site were used to measure 
color and sapwood:heartwood ratios. These stumps were from 9-year-old trees. 
Based on 11 stumps (one per selected family), the smallest diameter found was 
9.5 cm and the largest was 27 cm, with a mean of 14.72 cm. Sapwood to 
heartwood ratios ranged from 0.2 to 0.7 with a mean of 0.4. Color differences 
within the same tree were in average 7.29 (± 2.61), whereas differences in color 
between trees had a mean of 9.94 (± 0.92) (Data not shown). 
Only one tree per family was selected to do all the wood quality tests due to the 
expense related to the SilviScan analysis. Table 2.9 summarizes these data and  
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provides details on family source and location within the site of each one of the 
selected wood samples.  A linear regression analysis showed that the modulus of 
elasticity (MOE) increases with increasing wood density (R²= 0.6) (Figure 2.5). 
On the contrary, there seems to be a decreasing tendency in MOE with 
increasing microfibril angle (MFA) as shown by a linear regression analysis 
(R²=0.5) (Figure 2.6). 
Since all of the trees present at HARC A were planted at the same time (2003), 
we can assume that the length of the wood sample we collected is equivalent to 
the growth rate of the tree it came from. There did not seem to be a direct 
relationship between wood density and growth rate (R²=0.05) (Figure 2.7).  
In addition, we observed significantly different characteristics between sapwood 
and heartwood (Table 2.10). Sapwood had a mean MFA of 23.11 (± 1.42), while 
heartwood had a mean MFA of 32.76 (± 1.44). Figure 2.8 provides a visual 
representation of the differences in mean MFA between sapwood and heartwood 
for each sample. It is important to notice that these differences were highly 
significant (P <.0001) (Table 2.10). Sapwood density averaged 577.34 (± 38.05), 
while heartwood density averaged 460.76 (± 32.76). The mean MOE of sapwood 
was 10.33 (± 0.88), while for heartwood it was 6.79 (± 0.82). To summarize, 
heartwood presented higher MFA (Figure 2.8), lower density (Figure 2.9), and 
lower MOE (Figure 2.10) than sapwood. 
 
Electrolyte leakage  
We found that season had a significant effect on average LT50 (P <.0001), but 
family and family X season interaction were not significant (Table 2.11). Since 
each family came from a particular elevation, the values for the family component 
were virtually the same as those for elevation (Table 2.13). Therefore, an 
elevation difference of 423 m (1387 feet) did not have a significant effect on LT50 
either. 
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Families were ordered from lower to higher elevation (Table 2.13), and there did 
not seem to be a trend that indicated that trees from lower elevation had less 
frost tolerance (Figure 2.11). Even though we did not find differences among the 
selected families to be significant (Table 2.11), we did find some families for 
which LT50 consistently occurred at lower temperatures during both seasons, 
such as family 8. This could be an indication that this family will probably have a 
slightly higher cold resistance. In contrast, some families such as 1 and 21 
consistently had LT50 at higher temperatures, so they are probably going to suffer 
greater frost damage (Figure 2.11). LT50 values averaged -16.6°C (R2=0.83) 
during winter and -12.3°C (R2=0.87) during summer (Table 2.12).  
In addition to LT50 values, average Index of damage (%) of each family at each 
temperature was calculated. The differences between winter and summer were 
smaller at the control temperature (3°C), and much greater at the below freezing 
temperatures (-10, -15 and -20°C) (Figure 2.12). The families are presented in 
increasing order of elevation. As with LT50, there was no clear relationship 




Families 1, 3, 4, 8, 9, 11, 14, 15, 16 and 21 were selected as the top families 
based on morphological characteristics such as height, height to first fork, 
number of stems, straightness, crown class, survival, composite DBH, and 
potential as a crop tree. 
The HARC A stand was thinned to 7.35% of the original trees. Since this site is 
immersed in a huge population of gorse, rogueing the low performing families 
allowed us to successfully isolate the selected trees so that the pollen for 
producing the next generation of seeds will only come from within the stand. This 
way the improvement program will advance faster and each generation will be  
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significantly better than the one before. Once these trees flower, progeny tests 
will be performed to further evaluate the genetic makeup, overall performance, 
and improvement potential of the selected families. Some of our concerns with 
such intense thinning are windthrow, diseases and insects attacks. We have 
observed some shoot dieback, but this damage is not too extreme. And we have 
not observed any windthrow. 
We found that the family with greatest height and crown volume was significantly 
different than the one with the lowest value (Figures 2.2 and 2.3). Family 3 had 
the greatest value for these traits and it was also one of the top performing 
families in the ranking table (Table 2.4), while family 18 had the lowest values for 
these traits and was the lowest scored family (Table 2.4). 
It has been shown that A. koa responds positively to thinning (Pearson and 
Vitousek 2001, Scowcroft et al. 2007). Pearson and Vitousek (2001) observed a 
significant (doubling) increase in tree growth rates with an 80% stem removal at 
Keauhou Ranch under natural regeneration conditions. They also observed a 
reduction in DBH increment as stands aged. The increase in DBH increment 
after thinning indicated that high tree densities limit A. koa growth. This 
relationship between tree density and growth rates in koa was also observed by 
Scowcroft and Stein (1986), who found an increase in tree growth after 
precommercial thinning (50%), and by Scowcroft and others (2007), who found 
increased diameter increments, live crown ratios, and leaf area in crop trees 
located in thinned stands.  
No significant recovery in Leaf Area Index (LAI) was found 6 months after 
thinning in Pearson and Vitousek’s experiment (2001). However, they noticed 
values similar to the controls 24 months after thinning. Leaf area indexes were 
not calculated for this experiment, but we did find an increase in crown volumes 
and crown areas for the 32 selected trees that remained at HARC A after 
thinning (Table 2.6). Crown attributes are of great importance in multiple traits 
influencing tree growth. Live crown ratios (LCR) and crown vigor are positively  
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related to diameter increments (Scowcroft et al. 2007). In addition, it is known 
that removal of subdominant trees doubled DBH increment two years after 
thinning (Pearson and Vitousek 2001). For these reasons we believe that the 
remaining trees have the potential to recover vigorously within a couple years, 
and hopefully produce enough seeds to perform progeny tests and turn the site 
into a productive seed orchard.  
Some studies showed that thinning alone does not have a considerable effect in 
stem increment of koa trees, so depending on the management objective, 
thinning plus grass control and fertilization is recommended to quickly enhance 
diameter increment (Scowcroft et al. 2007). In the case of HARC A, gorse and 
grass control was necessary both before and during the experiment. These are 
important factors for management, since they increase costs, but the investment 
might be worth it in the long term. 
It is important to take into account the characteristics of the site when thinning. 
On wet sites, it is better to thin soon after canopy closure, while on dry sites it is 
better to thin when trees approach a DBH of 20 cm (Baker and Scowcroft 2005). 
Even though not enough time has passed to observe important effects on 
growth, flowering or any other responses (Scowcroft et al. 2007), we are 
confident that HARC A was thinned at an appropriate time, when trees were 
reaching canopy closure since HARC A is considered a wet site. 
It is also important to consider the effect that number of stems has on growth 
parameters to understand if multiple-stemmed trees have a competitive 
advantage over single-stemmed trees. The number of stems does have a 
significant effect on growth parameters such as height, composite DBH, crown 
area and crown volume ( =0.1) (Figure 2.4, Table 2.7). However, single 
stemmed trees do not seem to be different to multiple stemmed trees. This could 
be an indication that single stemmed trees are able to grow and compete for 
resources as well as multiple stemmed trees. Nonetheless, it is important to  
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release single stemmed trees from competitors as early as possible so that they 
have access to more resources, grow more vigorously and produce more wood.  
 
Heritability estimates
Heritability, in this case, was calculated for a young stand, so caution must be 
taken when interpreting these results as, highlighted by Zobel (1961). In some 
cases heritability estimates tend to increase with stand age (Wei and Borralho 
1998). It is also imperative to highlight that heritability estimates are site and 
population specific, so they can be powerful tools when combined with 
experiments at multiple locations and microenvironments (Milligan et al. 1990). In 
addition, it is important to take into account that standard errors of heritability 
estimates are typically very large, so this estimates can vary a lot. So the 
heritability estimates presented here are valid only for the HARC A site at the 
present time (10 years old). If broader and more complete estimates are desired 
for the A. koa improvement program, a larger number of sites need to be 
sampled over a greater number of years (Lee 1974; Holland et al. 2003). 
We estimated heritability for height, height to crown, height to first fork, maximum 
branch angle, stem lean and composite DBH. Of these traits, height to first fork, 
maximum branch angle and stem lean most directly affect stem form. 
Unfortunately height to first fork consistently has heritability estimates of 0 both 
before and after thinning. This means that it has a low genetic component and 
that it is highly affected by the environment. The main environmental factor 
determining height to first fork might be the presence of psyllids or other insects 
that eat the young and delicate apical meristems, killing the main shoot and 
leading to forking. Interestingly, heritability of height to first fork greatly increased 
with the simulated random selection. But Lee (1974) mentions that heritability 
estimates tend to be in error when fewer trees are taken into account, but 
improve when high performing trees are the basis of the analysis. Therefore this 
increase in height to first fork in the simulated random thinning is not surprising.  
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Through morphological selection we were able to increase heritability estimates 
for maximum branch angle and stem lean (Table 2.8). This means that there is 
room for genetic improvement and that the progeny of these selected trees are 
expected to have better quality in terms of these traits. This is in agreement with 
the observations made by Matheson and Raymond (1983), who observed higher 
heritabilities after the simulated selective thinning, taking into account that their 
simulated selective thinning treatment is equivalent to our after actual thinning 
treatment, since the trees kept were chosen after families were ranked. 
In the same way, heritability of height to crown increased through selection. This 
has implications for crown characteristics and leaves room for genetic 
improvement. Potentially the manipulation of this characteristic could have an 
effect on photosynthesis rates and therefore on tree growth. Interestingly, 
composite DBH seems to have a constant heritability of around 0.3 both before 
and after thinning. This estimate is consistent with heritability estimates for DBH 
in other species (Wei and Borralho 1998). 
Through morphological selection, the heritability estimate for total height 
decreased from 0.45 to 0. When a heritability estimate is 0 this means that the 
variation observed for this trait does not have a strong genetic component. 
However this trait can be enhanced with certain management practices such as 
spacing and fertilization (Dumroese et al. 2011), improving growth rates and 
vigor. As with height to first fork, simulated random thinning greatly increased 
heritability estimates, but as discussed earlier this sampling method might not be 
a good representation of the real heritability of this trait (Lee 1974). 
The observed results highlight the fact that thinning methods and the number and 
trees used to calculate heritability greatly influence heritability estimates, as 
concluded by Matheson and Raymond (1983). In addition, as determined by Lee 
(1974), heritability estimates tend to be more inaccurate when fewer trees were 
taken into account. Nonetheless estimates improve when selected trees with 
better morphological characteristics are analyzed. We can observe this trend in  
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our data (Table 2.8), since the heritability estimates for the simulated random 
thinning do not match either of the other heritability estimates. 
 
Wood quality 
One of the problems encountered with color variability and color measurements 
in unevenly colored wood is that a single measurement or even a variety of them 
could, in some cases, not be descriptive enough to reflect the actual variety of 
colors presented in a particular tree (Oliveira and Balaban 2006). The differences 
in color presented within the same tree give us an idea of this variation. However, 
we observed greater differences in color between trees than within the same 
tree. This variety of colors within a tree is by no means a bad thing, since it has 
the potential to significantly increase the price of wood and therefore landowners’ 
incomes from A. koa timber. This revenue increase could help to make it more 
feasible for them to grow koa instead of cattle ranching and practicing other 
activities that can be more detrimental to the ecosystem (Goldstein et al. 2006). 
Other methods for color determination are comparable to the colorimeter, such 
as machine vision (Oliviera and Balaban 2006). However, using other types of 
instruments in such a remote place as Hawai´i can be unrealistic, since it often 
can be extremely hard to transport and maintain the equipment. In addition, the 
color values obtained have been proven to be similar in both methods (Yagiz et 
al. 2008). 
Dudley and Yamasaki (2000) observed that koa can begin to form heartwood 
after 10 years. We observed heartwood in some 9-year-old trees at HARC A. 
However not all of the trees that were thinned had heartwood, and we selected 
the ones with more heartwood to measure sapwood:heartwood ratios. For this 
reason, our results might be biased. The fact that we found heartwood on some 
nine year old koa trees means that there might be potential for increasing the 
commercial value of thinning performed at young ages to release the remaining  
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trees from competition. Dudley and Yamasaki stated that heartwood appearance 
can be related to the site where trees are growing as well as the seed source, so 
further studies are necessary to better understand the formation of heartwood in 
A. koa.  
Unfortunately the prices for SilviScan analysis made it prohibitively expensive to 
analyze multiple replications for each of the selected families, so we had to work 
with only one sample per family.  Most of the samples we examined had a 
density lower than that estimated by Skolmen (1974). This might be due to the 
young age (nine years old) of our samples. 
We found that MOE increases from pith to bark. In contrast, MFA tends to be 
higher near the pith, coinciding with the findings of Evans et al. (2000). Other 
studies have also found the same increasing values for wood density from pith to 
bark (Figure 2.9) (Cown et al. 1992, Barnett and Bonham 2004, Li and Wu 2005, 
Baltunis et al. 2007, Wu et al. 2007). 
MOE of koa increased with density and decreases with MFA (Figures 2.3 and 
2.4). This trend coincides with the findings of Wu and others (2009) and it 
signifies that wood having more elasticity is also stiffer and presents greater 
tangential shrinkage and less longitudinal shrinkage (Donaldson 2008).  From 
Figures 2.6 to 2.8 we can see that heartwood tends to be less dense, less elastic 
and has higher microfibril angle (is less stiff and shrinks more longitudinally) than 
sapwood, making it less desirable structurally and therefore not very suitable for 
construction and other uses requiring strong stiff wood. But since koa is not 
usually used for construction this is not a big problem. These results must be 
interpreted with caution, since trees might be so young that heartwood has not 
yet develop its final properties. 
Our results match those of Wilkes (1984), who found no relationship between 
growth rates and wood density (Figure 2.7). This is a good thing, because it  
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means that we can select trees with fast growth rates without compromising 
wood density. 
For some pine species (Pinus radiata), higher efficiency of selection based on 
gain per year happens during years 2 to 4 for age-weighted density and from 6 to 
9 years for DBH (Li and Wu 2005). Although pines might behave very differently 
from Acacia koa, these estimates give us an idea of how early it is possible to 
make effective selections. 
 
Frost resistance 
Changes in frost resistance and hardening are mechanisms that have evolved to 
prevent frost damage (Thomasow 1998), and there are differences in frost 
hardening among species. Some harden faster than others (Read and Hope 
1989). We found that frost resistance in koa was higher during winter than during 
summer, suggesting that A. koa positively reacts to natural hardening (Figures 
2.9 and 2.10). These findings are similar to those made by Rada and others 
(1985) for Polylepis sericea. Unlike some publications (Nilsson and Eriksson 
1986; Menzies et al. 1987) we did not find family differences in frost resistance to 
be significant, probably due to small sample size or simply because that trend 
does not exists in koa.  
It is known that for most trees frost resistance tends to increase with increasing 
altitude (Read and Hope 1989). In Hawai´i, studies done with ‘ hi‘a 
(Metrosyderos polymorpha) have shown that the temperature at which 
irreversible tissue damage occurs changed from sea level to tree line (2500m) 
(Melcher et al. 2000). Cordell and others (2000) found that ice nucleation 
occurred at a temperature of -8.7°C in leaves of M. polymorpha collected at an 
elevation of 2470m and at -5.8°C from leaves collected at 107m. They also 
performed an electrolyte leakage test for the species and found that maximum 
cell damage occurred at -6°C in samples from lower elevations and at -8°C in  
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samples from higher elevations. In addition, it is known that in other Acacia 
species the provenances with greater cold tolerance came from higher altitudes 
or latitudes (Pollock et al. 1986). While it can be hard to find A. koa trees growing 
at low elevations (i.e., 600m), we expected a similar trend for koa, with trees from 
higher elevations being more frost resistant. We did not however observed 
significant effects of elevation in frost resistance (Table 2.11, Figures 2.9 and 
2.10) possibly due to small sample size and to the small difference in elevation 
between our parent trees. In addition, it is important to take into consideration 
that frost resistance was not measured directly on the parent trees, but on their 
progeny grown at a single site. Also the elevation differences between the 
selected trees were small (423 meters), so greater elevation differences might be 
necessary to observe significant differences in frost resistance. Nonetheless, the 
fact that elevation differences are not significant could also be an indication that it 
is possible to plant across this elevation range (423 meters) without having to 
worry about frost damage differences among families. 
When establishing koa at high elevations, it is recommended to use frost 
protection devices. Once established, koa can serve as a nurse crop for other 
understory native species, which is an important factor to consider when 
restoration is the objective (Scowcroft and Jeffry 1999). It has been documented 
that M. polymorpha begins to have severe frost injury at around -7.5°C 
(Scowcroft et al. 2000), while the onset of ice formation occurred at -5.7°C 
(Melcher et al. 2000). This species often occurs with A. koa, so we could expect 
frost injury at around the same temperature. However, Scowcroft and Jeffrey 
(1999) briefly mention that A. koa tends to be more resistant to freezing than 
other native species, so we can expect severe frost injuries and onset of ice 
formation at lower temperatures.  
Experiments on frost resistance have been performed with multiple other Acacia 
species in New Zeeland, and they found results similar to the ones presented in 
this study, with frost tolerance differences between seasons per species ranging  
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from 1 to 4°C (Pollock et al. 1986). A difference in frost resistance of 4°C 
between summer and winter is comparable to what was found in this study. We 
found a difference in average LT50 of 4.3°C between winter and summer.  
These experiments represent the first attempts to initiate an Acacia koa 
improvement program. There is still much work to be done. When the remaining 
trees at HARC A produce enough seed, progeny tests at multiple elevations will 
be necessary. It will be interesting to see if traits with higher heritability estimates 
are improved in the progeny. Frost resistance needs to be assessed in multiple 
trees at multiple elevations, as well as on their progeny to have a more thorough 
understanding of this phenomenon in Acacia koa. In addition, wood quality data 














Table 2.1. Sources and elevation of each selected Acacia koa parent tree 
(family) and number of trees retained per family at the HARC A site. 
Family Source Trees retained Elevation (m) 
1 Mana 3 1909 
3 Mana 3 1904 
4 Mana 4 1916 
8 Piha Mauka 2 2 2041 
9 Piha Mauka 3 1 2006 
11 Piha Mauka 5 4 1922 
14 Lower Hanaipoe 3 4 1583 
15 Lower Hanaipoe 4 3 1631 
16 Parker Ranch 2 1583 
21 Kea 3 3 1585 










Table 2.2. Mean (± SE) for survival, total height, composite DBH, height to first 
fork, and number of stems of all of the Acacia koa families present at HARC A 














1 60 (11) 7.2 (0.4) 12.2 (0.9) 1.2 (0.4) 2.0 (0.2) 
2 50 (10) 7.1 (0.4) 11.7 (1.5) 1.4 (0.4) 1.6 (0.2) 
3 83 (3) 8.3 (0.3) 15.4 (1.2) 1.7 (0.3) 1.6 (0.2) 
4 97 (1) 7.7 (0.3) 12.9 (0.8) 1.7 (0.3) 1.6 (0.2) 
5 67 (9) 7.4 (0.4) 13.3 (1.3) 1.0 (0.4) 2.2 (0.2) 
6 73 (8) 6.9 (0.3) 13.3 (1.0) 0.9 (0.3) 2.4 (0.3) 
7 87 (3) 7.0 (0.3) 14.0 (0.9) 1.2 (0.3) 2.2 (0.3) 
8 70 (7) 6.5 (0.3) 9.0 (0.8) 2.1 (0.3) 1.5 (0.2) 
9 73 (6) 8.0 (0.2) 13.2 (0.9) 1.2 (0.2) 2.0 0.2) 
10 47 (8) 6.4 (0.2) 10.0 (1.1) 1.6 (0.2) 1.6 (0.2) 
11 71 (6) 7.6 (0.3) 12.8 (1.4) 1.3 (0.3) 2.2 (0.3) 
12 53 (5) 5.8 (0.3) 10.2 (0.7) 0.9 (0.3) 2.4 (0.4) 
13 53 (9) 7.0 (0.4) 11.9 (0.9) 1.4 (0.4) 1.6 (0.2) 
14 90 (2) 6.7 (0.3) 10.5 (0.7) 1.6 (0.3) 1.6 (0.1) 
15 84 (5) 6.6 (0.3) 12.8 (0.9) 1.4 (0.3) 1.6 (0.1) 
16 63 (7) 6.7 (0.4) 11.4 (1.4) 1.2 (0.4) 2.2 (0.3) 
18 50 (9) 5.6 (0.3) 8.7 (0.7) 0.9 (0.2) 2.1 (0.2) 
21 67 (10) 7.5 (0.2) 12.5 (0.8) 1.8 (0.2) 1.6 (0.2) 
22 
(composite) 58 (8) 7.5 (0.3) 12.0 (0.9) 1.4 (0.3) 1.7 (0.2) 
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Table 2.3. Mean (± SE) for live crown ratio, projected crown area, crown volume, 
main stem lean and maximum branch angle of all of the A. koa families present 



















1 0.62 (0.02) 6.4 (0.9) 16.0 (3.3) 4 (0.5) 17 (3.0) 
2 0.54 (0.03) 6.6 (1.3) 14.4 (5.0) 4 (0.7) 27 (6.4) 
3 0.59 (0.03) 11.0 (1.3) 32.3 (4.8) 3 (0.6) 27 (4.9) 
4 0.51 (0.02) 7.2 (1.0) 16.2 (2.7) 4 (0.5) 31 (4.5) 
5 0.51 (0.04) 5.5 (1.3) 14.3 (5.1) 3 (0.7) 27 (6.4) 
6 0.49 (0.03) 8.6 (1.0) 17.2 (3.4) 6 (1.1) 32 (3.5) 
7 0.53 (0.03) 8.7 (0.7) 18.2 (2.4) 5 (2.3) 31 (3.7) 
8 0.41 (0.02) 3.3 (1.2) 6.4 (3.0) 4 (0.4) 49 (12.9) 
9 0.52 (0.02) 8.2 (0.8) 17.3 (2.3) 5 (0.7) 36 (5.8) 
10 0.50 (0.03) 6.4 (1.3) 11.2 (2.5) 3 (0.6) 30 (4.9) 
11 0.50 (0.02) 7.3 (1.4) 15.7 (3.8) 3 (0.6) 29 (6.2) 
12 0.46 (0.02) 3.5 (0.5) 4.8 (0.8) 4 (0.7) 32 (6.1) 
13 0.57 (0.04) 6.6 (0.9) 15.9 (3.1) 4 (0.9) 32 (8.7) 
14 0.46 (0.02) 5.2 (0.7) 9.6 (1.5) 4 (0.6) 24 (4.2) 
15 0.55 (0.03) 8.2 (1.1) 17.6 (3.3) 2 (0.6) 24 (2.8) 
16 0.48 (0.04) 6.2 (1.2) 11.6 (2.6) 5 (0.9) 30 (5.9) 
18 0.48 (0.05) 2.7 (0.7) 3.8 (1.2) 3 (0.6) 55 (3.6) 
21 0.42 (0.03) 6.4 (0.8) 11.8 (2.2) 5 (1.7) 32 (4.4) 
22 






Table 2.4. Rank used to select Acacia koa families present at HARC A based on 
height, height to first fork, number of stems, straightness, crown class, potential 


















4 17 38 18 36 38 13 40 22 32 254 1 
3 22 34 16 38 16 18 34 18 44 240 2 
1 18 40 12 32 36 22 44 7 26 237 3 
8 11 44 22 44 40 11 24 13 18 227 4 
21 19 42 17 40 26 12 26 11 28 221 5 
22 20 22 14 14 30 19 36 6 36 197 6 
14 8 32 15 24 24 16 38 21 8 186 7 
11 15 24 8 22 42 8 42 14 22 197 8 
15 5 26 10 26 20 15 30 19 34 185 9 
9 21 20 11 20 32 2 28 17 30 181 10 
10 4 30 20 34 34 20 18 3 16 179 11 
13 14 28 19 30 4 21 2 10 20 148 12 
2 16 16 13 18 6 17 20 8 38 152 13 
7 12 18 9 28 10 4 10 20 40 151 15 
5 13 8 6 6 22 7 6 12 42 122 16 
16 7 14 2 12 28 10 32 9 10 124 17 
6 9 10 3 8 18 6 8 16 24 102 18 
12 3 12 5 16 8 5 22 5 6 82 20 
18 1 4 4 2 2 1 12 4 2 32 22 
Fam= family, Ht= total height, Ht1 fork= height to first fork, No. stem= number of 
stems, Stem good= number of single-stemmed trees, Straight= straightness, 
Crown class= dominant, co-dominant, suppressed, PCT= potential as crop tree, 
Alive= survival, DBH= diameter at breast height, Total= Total score combining all 






Table 2.5. Summary of ANOVA for testing effects of block and family total height, 
composite DBH, height to first fork, crown area, live crown ratio, stem lean, 
maximum branch angle and number of stems on Acacia koa trees measured in 
HARC A.  
Source F value Pr > F 
Total height Block 0.96 0.4347 
Family 2.93 0.0008 
Composite DBH Block 0.93 0.4544 
Family 1.67 0.0692 
Height to first fork Block 1.34 0.2643 
Family 1.23 0.2671 
Crown area Block 2.18 0.0815 
Family 1.14 0.3412 
Crown volume (log) Block 1.95 0.1122 
Family 2.94 0.0008 
Live crown ratio Block 1.71 0.1586 
Family 1.41 0.1552 
Stem Lean Block 2.23 0.0752 
Family 1.33 0.1998 
Maximum branch angle Block 1.04 0.3944 
Family 0.95 0.5312 
Number of stems Block 2.36 0.0625 
Family 1.28 0.2338 
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Table 2.6. Mean (± SE) increase in height, crown volume, projected crown area 
and composite DBH of the selected Acacia koa trees at HARC A 1.5 years after 
thinning. 







1 -0.1 (0.26) 21.97 (13.76) 10.35 (4.2) 2.42 (3.32) 
3 1.1 (0.4) 17.98 (0.12) 11.58 (4.07) 6.45 (0.61) 
4 0.98 (0.61) 18.12 (2.11) 7.358 (1.92) 4 (0.45) 
8 0.55 (0.75) 1.7 (3.16) 5.42 (3.91) 0.75 (0.05) 
9 -0.1 16.78 5.84 5.2 
11 1.3 (1.01) 6.52 (1.23) 5.27 (0.78) 2.73 (1.79) 
14 0.975 (0.58) 6.71 (3.2) 7.25 (1.38) 3.05 (0.65) 
15 0.6 (0.58) 6.17 -0.12 (0.67) 1.55 (0.61) 
16 2.3 (0.41) 9.93 (1.67) 6.04 (0.72) 3.55 (0.61) 











Table 2.7. Results from ANOVA for testing effects of number of stems on height, 
crown area, composite DBH and crown volume for the nine year old Acacia koa 
trees present at HARC A in 2011. 
Source F value Pr > F 
Composite DBH 
Block 2.61 0.0349 
Number of stems 14.13 <.0001 
Crown area 
Block 8.26 <.0001 
Number of stems 7.76 <.0001 
Height 
Block 1.44 0.219 
Number of stems 2.13 0.0489 
Crown volume (log) 
Block 3.27 0.0118 
Number of stems 4.08 0.0005 
Height 1st fork ( )  
Block 2.22 0.0659 










Table 2.8. Estimates of genetic parameters for height, height to crown, height to 
first fork, maximum branch angle, stem lean, and composite DBH in Acacia koa 
trees at HARC A in 2009. The before thinning treatment includes all the trees in 
the stand, the after actual thinning treatment includes only the trees selected 
based in morphological traits, and the simulated random thinning treatment 
includes a subset of 32 trees randomly selected from all of the trees originally 












Before thinning 433 0.45 0.27 2.46 0.066
After actual thinning 32 0 0 2.95 0 
Simulated random 
thinning 32 0.75 0.72 4.59 0.309
Height to 
crown 
Before thinning 433 0.18 0.05 1.13 0.042
After actual thinning 32 0.65 0.26 1.64 0.035
Simulated random 
thinning 32 0 0 1.36 0 
Height to 
first fork 
Before thinning 433 0.02 0.01 1.42 0.053
After actual thinning 32 0 0 2.3 0.04 
Simulated random 




Before thinning 433 0 0 323.07 0.763
After actual thinning 32 0.82 51.18 309.02 0 
Simulated random 
thinning 32 0 0 688.6 0 
Stem lean 
Before thinning 433 0 0.01 21.52 0.222
After actual thinning 32 0.22 0.32 5.73 0.03 
Simulated random 
thinning 32 0 0 20.15 0.787
Composit
e DBH 
Before thinning 433 0.36 2.01 22.58 0.213
After actual thinning 32 0.33 2.45 30.81 0.16 
Simulated random 







Table 2.9 Tree identifier (used in Figures 2.8-2.10), family, replication, tree 
number, and mean (± SE) wood density, microfibril arrange (MFA) and modulus 
of elasticity (MOE) for each Acacia koa wood sample collected at the HARC A 











1 1 1 6 547.48 (2.39) 31.56 (0.1) 7.48 (0.05)
2 3 4 6 409.1 (1.12) 33.84 (0.09) 5.69 (0.03)
3 8 1 2 322.69 (1.63) 26.9 (0.15) 5.31 (0.04)
4 9 4 4 433.3 (2.52) 33.68 (0.17) 2.29 (0.06)
5 11 2 3 498.11 (1.91) 27.44 (0.08) 8.9 (0.04) 
6 14 5 3 580.57 (3.11) 33. 8 (0.19) 6.94 (0.06)
7 15 5 1 519.14 (1.67) 28.26 (0.07) 8.79 (0.03)
8 16 2 3 609.41 (3.08) 24.27 (0.13) 13 (0.06) 
9 21 3 3 409.88 (1.53) 30.32 (0.11) 6.96 (0.03)
10 22 4 5 545.03 (2.9) 27.11 (0.09) 2.88 (0.06)













Table 2.10. Results of ANOVA testing the effect of tree, wood type (sapwood vs 
heartwood), and tree X wood type interaction on wood density, microfibril angle 
(MFA) and modulus of elasticity (MOE) of selected Acacia koa wood samples 
from HARC A site. 
 Wood density MFA MOE 
Source DF F 
value 
Pr>F DF F 
value 
Pr>F DF F 
value 
Pr>F 
Tree 9 17.48 0.0001 9 13.11 0.0003 9 12.1 0.0005
Wood type 1 59.84 <.0001 1 187.64 <.0001 1 70.41 <.0001
Tree * 
Wood type 






















Table 2.11. Results of ANOVA testing the effects of family, season, and family X 
season interaction on the mean LT 50 of selected families of Acacia koa at HARC 
A site. 
Source DF F value Pr>F 
Family  9 0.56 0.816 
Season 1 41.71 <.0001 


















Table 2.12. Mean values (± SE) of LT 50 and R2  for linear repression of selected 
families of Acacia koa selected at HARC A during winter and summer.  
Season Mean LT50 R2
Winter -16.615 (5.05) 0.83 






































Table 2.13. Elevation and mean (± SE) LT50 (°C) during summer and winter of 
each one of the Acacia koa families selected at HARC A. Each LT50 was 
calculated by tting simple quadratic regressions based on electrolyte leakage 
values at 3, -5, -10, -15, and -20 °C. 
 
Family Elevation LT50 summer LT50 winter 
14 1582.7 -12.9 (1.9) -17.8 (4.1) 
16 1582 -12 (3.1) -16.3 (3.6) 
21 1585 -11.1 (2.5) -15.8 (5) 
15 1631 -11.5 (2.9) -16.4 (2.4) 
3 1903.6 -13 (1.8) -16.1 (3.3) 
1 1909.1 -11.2 (3.2) -15.1 (2.5) 
4 1916 -12.55 (2.6) -17.9 (3) 
11 1922.1 -12.45 (2.2) -17.9 (3) 




























Figure 2.1. Map of HARC A site showing plot layout and location of selected 




























Figure 2.2. Mean total height (m) of all of the families of Acacia koa present at 
HARC A before thinning. Families showing different letters are significantly 
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Figure 2.3. Mean crown volume (m³) for each one of the Acacia koa families 
present at HARC A before thinning. Families showing different letters are 
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Figure 2.4. Relationship between number of stems and height, composite DBH, 










































































































































Figure 2.5. Relationship between wood density and modulus of elasticity (MOE) 





































Figure 2.6. Relationship between microfibril angle (MFA) and modulus of 
elasticity (MOE) for 11 wood samples of nine years old Acacia koa trees 









































Figure 2.7. Relationship between wood density and sample length (growth rate) 
on 11 wood samples of Acacia koa collected from nine years old trees present at 


































Figure 2.8. Comparison of mean microfibril angle (MFA) of sapwood and 
heartwood for each of 11 wood samples collected from nine years old Acacia koa 


































Figure 2.9. Comparison of mean density of sapwood and heartwood for each of 




































Figure 2.10. Comparison of mean modulus of elasticity (MOE) of sapwood and 
heartwood for each of the 11 selected wood samples of nine years old Acacia



































Figure 2.11. Mean (± SE) frost resistance expressed as LT50 across seasons for 















































































Figure 2.12. Mean (± SE) Index of damage (%) for each one of the selected 
families of Acacia koa at the HARC A site at 3°C, -5°C, -10°C, -15°C, and -20°C 


































































































































































































Knowing how closely related are the seeds within a legume is important when 
starting an improvement program. It can help understand and more accurately 
compute heritability estimates, it can also help calculate how fast and how many 
generations are needed to improve certain traits, as well as play an important 
role in experimental designs. However, answering this question can sometimes 
be challenging, especially in a species like A. koa, since it is tetraploid and 
genetic work is only starting to be developed. We approached this question using 
microsatellites, which are known to segregate in a Mendelian way. We first used 
microsatellites developed for the species, then others developed for other Acacia
species and finally we created our own microsatellites. However, none of these 
microsatellites were informative enough to draw conclusions. Some of them did 
not amplify or stuttered too much, some were monomorphic and the few 
polymorphic ones did not show enough polymorphism and did not segregate in 











Little is known about the genetic makeup of Aacia koa. Atchison (1948) 
determined that it is tetraploid and it has 2n=52 chromosomes (Brewbaker 1997). 
Dichogamy helps to prevent self-pollination since the pollen is released before 
the stigma is receptive. However, this phenomenon happens only within a flower 
head. Multiple flower heads in a panicle and multiple panicles on a tree will open 
at different times, so it has been suggested that self-pollination sometimes occur 
(Baker et al. 2009).  
A. koa pollen is shed in a 16-cell polyad, as stated by Brewbaker (as cited in 
Baker et al. 2009). The formation of polyads is believed to be a mechanism that 
helps ensure seed set after a single pollination event (Kenrick and Knox 1982). In 
Acacia melanoxylon, a closely related species (Gagné and Cuddihy 1990), most 
seeds within a legume are full-sibs, since all the egg cells can be fertilized by the 
same pollen source. This was determined using isozyme markers, standard 
methods of starch gel electrophoresis and comparison of enzyme systems to 
compare with other Acacias. It is also believed that the seeds within a tree have 
a greater chance of being full-sibs since the insects that pollinate them tend to 
carry the same pollen source (Moran et al 1991). 
However, the relatedness of seeds within a legume of A. koa is not known, since 
no formal experiments have been performed that allow us to be certain and this 
is very important information when trying to start a tree improvement program. 
This knowledge can help us to better understand heritability of certain traits, help 
evaluate how useful is controlled pollination, aid in experimental designs, and 
help determine how many generations we need to breed to modify a certain trait.  
Therefore we are interested in determining if what occurs in A. melanoxylon 
occurs in A. koa. To do this, we used three sets of microsatellites: The first ones 
developed by Freuda-Agyeman and others (2008) for Acacia koa, the second  
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ones developed for other Acacia species that will be specified later, and finally 
we created our own.  
Microsatellites are also known as simple sequence repeats (SSRs). They are 
tandem replications of short DNA sequences that are abundantly, randomly and 
evenly distributed in the genome. They can be amplified by polymerase chain 
reaction (PCR). Polymorphism is shown in the form of different sizes of amplified 
PCR products representing alleles in a locus (Gupta et al. 1996). 
SSRs can be used for linkage analysis since they are inherited in a Mendelian 
fashion (Gupta et al. 1996). They are also commonly used for paternity tests and 
population genetics (Schlötterer 2004). Some of the reasons these markers are 
widely used are their abundance and the relatively simple experimental 
procedures that are used to detect them (Saghai-Maroof et al. 1994). 
Few studies have examined the genetic structure in the genus Acacia. Butcher 
and Moran (2000) studied recombination rates and constructed an integrated 
genetic linkage map for Acacia mangium, providing a reference map for 
comparative genome analysis for Acacia species. They detected a higher 
amount of selfing from un-emasculated flowers than from emasculated flowers. 
Buttrose and others (1981) determined that ovules are developed from 
independent meiotic events in Acacia pycnantha. As with A. koa, A. pycnantha’s 
pollen is produced in 16-celled polyads. The development of the pollen polyad 
starts with a single microsporocyte that divides twice, forming 4 pollen mother 
cells. Meiotic divisions happen afterwards, and they tend to be synchronized 
within each anther (Kenrick and Knox 1979). It is expected that all the ovules 
within a flower can be fertilized by the same pollen grain, since the maximum 
number of ovules tends to be the same as the number of pollen grains in the 
polyad (Sedgley et al. 1992). 
Our objective was to compare the genotypes of all seeds within a legume. By 
subtracting the genotypes of the seeds from the genotype of the mother tree, it  
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Leaves were collected from 11 mother trees from the Keauhou Ranch area and 
the Volcano area on the Big Island during the month of October of 2012. From 
each parent tree 5 to 13 legumes were collected, and each legume contained 
from 2 to 12 seeds. DNA was extracted from 344 seeds (Table 3.1). 
In order to extract DNA from the progeny, seeds were germinated. Since seeds 
of A. koa have a hard impermeable coat, they were scarified. Using a nail clipper, 
each seed was carefully nicked so that water could penetrate the seed coat. The 
seeds were then soaked in water for 24 hours and planted in potting media 
(Wilkinson and Elevitch 2003). Seedlings were germinated at the Horticulture 
Greenhouse facility located at Purdue University, West Lafayette, Indiana 
campus until they grew composite leaves. At this point, seedlings were harvested 
and transferred to the Genetics Laboratory at Pfendler Hall of Agriculture and 
DNA extraction was performed. Seeds that did not germinate were recovered, 
crushed, and DNA was extracted from them as well.  
DNA was extracted as described by Victory et al. 2006. In order to view the 
different allele sizes from both the parent trees and the progeny, fifteen-microliter 
PCR reactions were run following a touchdown protocol. Each well contained 1.5 
μl of BSA, 1.5 μl of Taq buffer, 2 μl of dNTPs, 1.5 μl of MgCl2, 1.5 μl of R primer, 
0.3 μl of F primer, 1.5 μml of M13, 0.5 μml of Taq polymerase, 1 μl of DNA 
template and 3.7 μl of water. 
The PCR protocol was as follows: An initial 5-mis incubation at 94°C; followed by 
2 cycles of 10 s at 94°C, 45 s at 67°C, and 45 s at 72°C; 2 cycles of 10 s at 94°C, 
45 s at 65°C, and 45 s at 72°C; 2 cycles of 10 s at 94°C, 45 s at 63°C, and 45 s  
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at 72°C; 2 cycles of 10 s at 94°C, 45 s at 61°C, and 45 s at 72°C; 2 cycles of 10 s 
at 94°C, 45 s at 59°C, and 45 s at 72°C; and 35 cycles of 10 s at 94°C, 45 s at 
57°C, and 45 s at 72°C; and a final cycle of 5 min at 72°C and 15 min at 4°C. 
This protocol was based on an annealing temperature of 57°C. The procedure 
was modified depending on the annealing temperature of each microsatellite. 
One microliter of the PCR product was diluted with 19 μl of nanopure water, and 
then combined with 14 μl of a Master Mix composed of 1349 μl of Formamide 
and 60 μl of Rox. The resulting solution was denatured at 94°C for 5 minutes and 
placed on ice right away to stop reannealing. 
The forward and the reverse primers are nucleotide strands that limit the area of 
the genome that will be amplified in the PCR. They contain the microsatellite that 
will show the different allele sizes and help see the segregation patterns. Fifteen 
of the microsatellites developed by Freuda-Agyeman et al. (2008) were tested by 
including them in the PCR reaction (Forward and reverse primers), as well as 
microsatellites developed for other Acacia species, two for Acacia mangium 
(Butcher et al. 2000), two for Acacia harpophylla (Lepais and Bacles 2011), two 
for Acacia senegal (Assoumane et al. 2009), and two for an hybrid between 
Acacia mangium and Acacia auriculiformis (Ng et al. 2005) (Table 3.3).  
Since the microsatellites previously mentioned did not have enough 
polymorphism to draw decisive conclusions, new microsatellites were developed 
using the DNA from 4 Acacia koa trees pooled into a single sample. With the 
help of the Purdue Genomics Core Facility, the DNA was sequenced to create a 
library using Illumina MiSeq technology. This library was created by fragmenting 
the DNA into smaller pieces, which were then sequenced or cloned and 
reassembled to create a reference sequence. Highly repetitive microsatellites 
with at least 8 repeats were viewed and selected using Tablet (Next generation 
sequence assembly visualization software) (Milne et al. 2013). The flanking 
sequences of microsatellites most likely to be polymorphic based on the 
differences in sizes of the reads were imported to Primer3 software (Untergasser  
73 
2012), which designed the appropriate primers for each microsatellite (Table 
3.2). All primers were produced by Integrated DNA Technologies, Inc. 
The samples were then genotyped at the Purdue Genomis Core Facility. The 
resulting data was analyzed with the software GeneMapper 5 to determine allele 
sizes and frequencies. 
 
Results
Some alleles were hard to identify. Some had low signals and a lot of noise, 
probably mostly due to DNA degradation. Some of the microsatellites had up to 
four alleles for the same individual, typical pattern of tetraploid species, while 
some only presented the two alleles typical of a diploid. When agarose gels did 
not show highly defined bands, higher concentrations of PCR product were used 
for the dilution process. 
Initially, 24 of the microsatellites developed by Fredua-Agyeman et al. (2008) 
were tested. These microsatellites were made for Acacia koa. From these 
microsatellites, Ak02, Ak15, Ak36, Ak89, Ak180, and Ak196 were monomorphic. 
A monomorphic microsatellite is one in which all individuals share the same 
number of repeat units (de la Chapelle and Hampel 2010). For microsatellites 
Ak08, Ak10, Ak37, Ak41, Ak99, and Ak141 amplification was not satisfactory.  
Microsatellite Ak44 stuttered a lot, making it hard to make allele calls. 
Ak39 only had three alleles of sizes: 241, 243 and 247bp. Allele 241 was present 
in every individual that amplified. Allele 243 was present in some mother trees, 
while allele 247 was present in other mother trees. If the male parent was 
heterozygote, even if both of the remaining alleles (243 and 247) happened in 
individuals from the same pod, then the male could have provided either of the 
remaining alleles and/or the same allele than the mother tree. Therefore the 
microsatellite was not informative enough.  
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Ak284 had up to 5 alleles. However allele 254 was present in all individuals so 
we assume it can be an artifact. Alleles 260, 266 and 264 were present in some 
parent trees, while 264 and 262 were present in other parent trees. So only one 
or two alleles remained that could be from the male parent, and none of those 
alleles happened in the same individual. This microsatellite was not informative 
enough for the same reasons explained earlier.  
Since none of the markers developed for Acacia koa were informative enough we 
decided to try other microsatellites developed for other closely related Acacia 
species. Microsatellites AH16 and AH54, both determined by Ng et al. (2005) for 
the hybrid (Acacia mangium × Acacia auriculiformis) were monomorphic, 
presenting 4 and 3 alleles respectively. Microsatellites Ah06 and Ah74 were 
designed by Lepais and Bacles (2011) for Acacia harpophylla. Ah06 did not work 
for Acacia koa since all amplifications were under 1200bp and we did not get a 
clear pattern or strong allele calls. Ah75 did amplified. However it was 
monomorphic, showing a single peak of 214bp. Microsatellites Am 164 and Am 
456 were designed by Butcher et al. (2000) for Acacia mangium. Am164 had 
good amplification but it was either monomorphic or stuttered too much.  In 
Am465 it was hard to make allele calls and it did not always amplified. Finally, 
microsatellites mAsCIRB10 and mAsCIRF02 were made by Assoumane et al. 
(2009) for Acacia Senegal. Microsatellite mAsCIRB10n was monomorphic, while 
mAsCIRF02 did not amplify. 
Since none of the markers previously designed for Acacia koa and for closely 
related species seemed to work, we decided to create our own microsatellites. 
We designed primers for 24 microsatellites. Microsatellite 1 had up to five alleles, 
but all of the progeny and the parents presented mostly the same three peaks, 
making it a monomorphic microsatellite which is not informative enough to draw 
conclusions from. Microsatellites 2, 8, 12, 13, 14, 16, 20, and 22 stuttered a lot, 
making it hard to make accurate allele calls. Microsatellites 3, 10, 21, and 24 
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were monomorphic. Microsatellites 4, 5, 6, 7, 9, 12, 18, 19, and 23 did not seem 
to have amplified. They all had low signals and a lot of noise. 
For microsatellite 11, parents presented four alleles of the following sizes: 126, 
127, 146 and 147bp. It is possible that 126 and 127 represented a single allele, 
as well as 146 and 147. The progeny had allele sizes of 123, 131, 132, 143, 149, 
and 150. However some progeny did not have any of the alleles present in the 
mother tree. Null alleles are a possible explanation for this. At times the 
microsatellite did not amplify, so it did not provide strong evidence. 
For microsatellite number 16, the parents had alleles of 144, 148, 150, and 
155bp, showing a pattern characteristic of a tetraploid species. The progeny 
presented alleles 140, 146, 147, and 149, as well as the alleles presented by the 
mother tree.  However, other than the female parent, there were only four alleles 
left, which did not segregated in an informative way in the seeds from the same 
legume. No four different alleles were present in multiple seeds within the same 
pod. If the male parent is heterozygote it could provide any of these four alleles 
(140, 146, 147, 149) as well as any of the alleles present in the female parent 
(144, 148, 150, 155). This can happen since this marker shows a tetraploid 
pattern. 
Microsatellite 15 showed alleles of 266 and 268bp for parent trees and four other 
peaks present in the progeny. But since koa is a tretraploid the microsatellite was 




Finding the right microsatellites to use in an experiment can be challenging and 
time consuming. The objective could have been reached in the planned amount 
of time if the appropriate microsatellites would have been available. However 
sometimes it is necessary to try many microsatellites to find highly polymorphic 
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ones which can easily identify both the male and female tree. In addition, 
developing the appropriate PCR protocol for each microsatellite can also take 
time. 
Unfortunately the markers that were tested were not informative enough to draw 
definitive conclusions. They were mostly monomorphic and even though the 
alleles provided by the mother tree were identified, the alleles provided by the 
male tree were uncertain the majority of the time. If the male happens to be 
heterozygote then the allele or alleles provided by it could be the same allele 
provided by the mother. In addition, tetraploidy doubles the number of 
chromosomes that can be provided by either parent, and some of the 
microsatellites showed tetraploid patterns (Pfeiffer et al. 2011), while some 
presented diploid patterns, making it more complex to make deductions. We 
would need to develop highly polymorphic microsatellites with a great number of 
alleles to draw conclusions.  
The observed low polymorphism can also be due to the low variability among the 
trees selected, since they were all from the Big Island and from two locations. It 
could be the case that these koa populations have low variability and that is why 
we were only able to find one to five alleles per marker (for the markers that 
amplified and were not monomorphic). It could also be that some mother trees 
present null alleles in the progeny, or that the DNA was too degraded already.  
Some things that can be done to get better results for this experiment are to 
change reagents concentrations and annealing temperatures in the PCR 
reaction, try to work with recently extracted DNA that is not as degraded, try 





Table 3.1. Number of pods and mean (± SE) number of seeds per pod for each 
one of the parent trees used to evaluate the relatedness of sees within a pod of 








Tree No. Pods Mean (±SE) 
1 13 3.15 (0.49) 
2 13 3.69 (0.75) 
3 13 4.77 (0.46) 
4 8 3.29 (0.64) 
5 13 3.85 (0.52) 
7 5 2 (0.4) 
8 5 3 (1.14) 
9 5 2.25 (0.56) 
10 8 2.38(0.38) 
11 8 2 (0.33) 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The HARC A site has been rogued based on morphological parameters and 
turned into a seed orchard that will be of key importance for the Acacia koa 
improvement program. We found that trees with one stem are not significantly 
different from trees with multiple stems. In addition, the ranking performed and 
the thinning based on this ranking helped to increase heritability estimates of 
traits such as height to crown, stem lean and maximum branch angle, while 
decreasing the heritability of total height and not having an effect on composite 
DBH nor height to first fork. The increase in heritability on stem lean and 
maximum branch angle can help improve the stem form on the progeny of the 
selected trees. Also an increase in heritability of height to crown can positively 
affect photosynthesis and growth rates. However, these heritability estimates are 
only valid for the HARC A stand at the present time, and standard errors tend to 
be big, so if a reliable estimate or heritability of these traits for the species is 
desired more experiments need to be conducted during longer periods of time at 
multiple locations.  
We also conclude that the families at HARC A were not significantly different in 
frost tolerance, although they came from different elevations. In addition, since 
frost resistance increases in winter we conclude that A. koa goes through a 
hardening process that allows it to better tolerate below freezing temperatures. 
83 
Modulus of elasticity of koa wood increases with density and decreases with 
microfibril angle. Furthermore, sapwood has higher modulus of elasticity and 
density, and lower microfibril angle than heartwood. This means that sapwood is  
more elastic, denser and shrinks more transversely than heartwood. Finally, 
there was not a direct relationship between wood density and growth rate. This 
allows us to select trees and families with fast growth rates without compromising 
wood density.   
 
Lessons learned and recommendations 
Working with Acacia koa can be very gratifying and motivating. There are still 
many knowledge gaps and therefore research that needs to be done. For this 
reason, it is extremely interesting but at the same time challenging. Some of the 
challenges that I faced had to do with long distance planning and with the gaps of 
knowledge that exist.  
In all research it is imperative to have alternative plans in case the first one does 
not work. It is very important to take into account that many things can go wrong 
and try not to depend on one single factor for carrying out specific experiments. 
Irregular flowering was one of the main problems I faced. It is not well understood 
what factors influence flowering of oka. This is a very important issue when a 
time sensitive study is being carried out. Lanner (1965) proposed that flowering 
of A. koa is seasonal, and that elevation also plays a role on it. However, these 
two factors alone did not provide us with an accurate prediction of when flowering 
would occur at the HARC A site and in other sites around the area. Obviously 
other factors also play a role in flowering patterns as well, and further studies 
need to be made to clarify what they are. The improvement program can be 
affected by unpredictable flowering when trying to establish progeny tests, 
common garden experiments, and plantations in general. 
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Another issue that can affect time sensitive studies in Hawai´i is the need for 
permits. Permits can take a long time, so it is imperative to plan in advance for 
this, making sure to explain the goals of your research, the exact location, the 
funding source, the duration of the experiment, the mode of traveling, all the  
possible effects that your work will have on the sites, the materials you will use, 
how you plan to decrease disturbances, and outreach strategies. Making sure 
that the project objectives match the management plan of the specific area and 
that the activity does not damage the integrity of the area can greatly increase 
the chances of having a permit approved. 
One thing to take into consideration is that in Hawai’i there are many sites and 
terrains that are extremely hard to navigate. One can spend a long time moving 
through a small area and a lot of field work is constrained by the weather, since 
roads can get too slippery after a heavy rain, impeding access to certain sites. It 
is also imperative to be aware that these lands are extremely sensitive not only to 
invasive species but also to other types of physical and ecological disturbances. 
A precaution that can be taken to prevent the propagation of invasive species is 
to carefully clean vehicles, shoes, clothes, and equipment to make sure they do 
not contain seeds or other propagules of potentially invasive species and pests. 
It can be challenging to find a landowner that is willing to commit resources to a 
new project. The Department of Hawaiian Homelands (DHHL) and Kamehameha 
Schools (in partnership with Forest Solutions) have great natural and human 
resources that were very helpful for this research and that I am sure will continue 
to be in the future. 
In addition to these challenges, one problem that might be exclusive to students 
from remote locations (such as Purdue University) is time and human resource 
management. Making sure that everything is ready for field work can be 
extremely perplexing. A great deal of planning needs to go into it. As students, 
we have a limited amount of time to reach our study sites and collect data and/or 
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materials, so we need to ensure that all the people that can help us and 
equipment that will be needed are available. Working on The Big Island adds 
another level of complexity to research since there are not very many suppliers of 
laboratory and field equipment, so everything needs to be borrowed or shipped in 
from the mainland several weeks in advance and even then there might be the  
case that the necessary equipment will be damaged, late or spoiled if there are 
time sensitive substances. In addition, shipping increases the cost of 
experiments. 
Molecular genetic work can be challenging at the beginning as well, and relying 
on previous work when there is a time constraint is problematic. With more time it 
might be worth it to develop more microsatellites, work with wider populations, 
thy different PCR concentrations and annealing temperatures, work with recently 
extracted DNA, and sequence the amplified regions to make sure that we are 
looking at the actual microsatellites. 
When performing science it is extremely important to listen to the landowners, 
managers, or the end users of the knowledge we are developing, recognizing 
their needs, goals and questions so that we can provide meaningful and usable 
information.  So my recommendation is that before starting a new collaboration 
or experiment it is important to have good communication with all the parties 
involved so that they all share the same goals and interests and the experiment 
can be effectively implemented, the goals achieved, and the information and 
knowledge derived from it can be used and applied .  
Some future studies that need to be performed with Acacia koa have to do with 
genetic and immunological responses to pruning and grafting, potential for 
cloning and other vegetative propagation methods, control of aphids and other 
environmental factors to improve height to first fork, developing seed zones, 
studies on elevation gradients related to flowering, frost resistance, drought 
resistance, and wood quality. It is also necessary to expand the knowledge of 
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drought tolerance, genetic and environmental factors affecting wood value, and 
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Additional comparisons of koa family growth traits in HARC A plantation. 
 
We related height, crown volume and projected crown area with composite DBH. 
The results show interesting patterns. For example, family 3 (one of the highest 
performing families according to the ranking table) is always in the high end of 
the spectrum, while family 18 (the lowest performing family according to ranking 
table) is always in the low spectrum. In a similar way, most families tend to 
appear in similar places in all of the graphics, suggesting that families present 




Figure A.1. Effect of family on relationship between mean composite DBH and 




































Figure A.2. Effect of family on relationship between mean composite DBH and 


















































Figure A.3. Effect of family on relationship between mean composite DBH and 


























































Development of a seed orchard at Keauhou Ranch, Kamehameha Schools (KS) 
 
KS was interested in the conversion of a koa plantation into a seed orchard. At 
Keauhou Ranch, because there was no family information, we had to treat each 
tree as an individual. For each trait (same as taken in HARC A), we calculated 
the mean and the standard deviation. We arranged the means of the traits from 
largest to smallest and calculated the mean. All the trees that were below the 
mean got a 0, those that were 1 standard deviation above the mean got a 1, 
those within 2 SD got a 2 and so forth up to 4, so that the best trees for each trait 
got larger numbers for their ranking. For qualitative traits, we gave a small value 
to the worst and a larger value for the best (for example straightness=1 got a 
number 5 so that it had more weight in the ranking). The same method was used 
for crown class and potential as crop tree. Finally we added all the ranks of each 
trait and determined the final rank. We had 18 categories and the mean was 9.92 
(± 2.41). Spacing of the trees was taken into account. The problem with a rank 
such as this is that straightness had values up to 5 and some other traits had 
values up to 3 or 4. We measured 253 trees out of the approximate of 1265 in 
the whole plot, and of those measured, 99 were above the average or 
approximately 7.8%. These 99 trees were selected as crop trees. 
Only the trees surrounding the selected crop trees were girdled. Depending on 
the management objective and budget this might be an acceptable practice that 
significantly decreases costs and potential damage to the rest of the trees in the 
site, as well as damage to understory native vegetation. It also reduces soil 
impacts while increasing wildlife habitat, in particular for native bird species, as 
well as overall heterogeneity (Pejchar et al 2005). However under some 
conditions, when the understory is dominated by exotic species or stands are  
110 
young, tree felling might be the best alternative (Scowcroft el at. 2007). Although 
girdling might not be the fastest thinning method, it is known that some girdled A.
koa trees lose their foliage as soon as one year later and most trees die within 


















Appendix C: Pictures 
 
 











Figure A.5. Longitudinal cut from Acacia koa stump left at HARC A site after 
thinning. 
 











Figure A.8. Flowers of Acacia koa at different stages. Photo by: J. B. Friday. 
115 
 
Figure A.9. Superior Acacia koa tree with good stem form located at Hawai’i 
Experimental Tropical Forest (HETF) Laupahoehoe Wet Forest. 
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Figure A.10. Flowers and pods of Acacia koa at different stages. 
